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Abstract 
The key problem faced by environmental scientists is to predictand recognize 
the damaging effects of chemical pollutants on natural biota. The aim of this thesis was 
to evaluate the potential for proteomics in ecotoxicology and environmental risk 
assessment (ERA), with the hypothesis that proteomic technologies (i.e. ProteinChip 
technology in combination with SELDI TOF MS) could be a useftil supplement to 
existing methods of environmental assessment, by providing a sensitive, non-invasive, 
rapid multi-endpoint assessment of effects of anthropogenic chemicals on organism in 
vivo. Three invertebrate species, Mytilus edulis, Hyas araneus and Strongylocentrotus 
droebachiensis was exposed to natural and anthropogenic chemicals in laboratory and 
field studies. Results revealed that proteomics was a sensitive endpoint, as all exposure 
regimes significantly affected protein expression. It was shown that plasma protein 
expression profiles contained information that was compound, dose, site, species and 
gender-specific. Regarding the latter; male and female organisms responded differently 
to all exposures both quantitatively (e.g. in terms of number of affected protein species) 
and qualitatively (e.g. in terms of tj^e of affected protein species). Furthermore, 
genders have shown opposite responses following the same exposure regime. Equally, 
species-specific responses were observed. Moreover, exposing organisms to graded 
levels of contamination under controlled laboratory conditions and in the field revealed 
that different subsets of proteomes were affected at different levels of exposure. This 
finding represents an opportunity for appljdng proteomics for both prognostic (e.g. early 
warning of potential adverse effects or assessment of recovery) and diagnostic purposes. 
Moreover, those protein features that were changed by all exposure concentrations 
showed complex dose-response relationships, including both linear and various types of 
biphasic response-curves. 
In summary, results from the present study indicate that proteomics have the 
potential to be a useftil tool in ERA. For example, identification of key molecules could 
elucidate mechanism of action related to mixture effects, gender and species-specific 
susceptibility to environmental pollutants as well as dose-response relationships at low 
doses. Furthermore, key proteins (i.e. putative biomarkers) could, be purified and 
coupled to e.g. a biosensor for automated monitoring. 
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matrix constructed using normalised Euclidian Distances. Data inputs were all plasma-
protein peaks with S/N >5 (n = 212 for mussels andn = 153 for sea urchins), where 
each symbol represents mean peak intensity for all the individuals in one exposure 
group (n = 30). Red = Control, green =15 ppb, dark blue = 60 ppb, and Ught blue = 250 
ppb, ME = Mytilus edulis, SD = Strongylocentrotus droebachiensis 172 
Figure 5-8. Three-dimensional scaling representation of individual similarities and , 
differences in response to different exposure concentrations for sea urchins. The 
analysis is based on a similarity matrix constructed using normalised Euclidian 
Distances. Data inputs were all plasma-protein peaks with S/N >5 (n = 212 for mussels 
and 153 for sea urchins), where each symbol represents mean peak intensity for one 
individual animal. A: included individuals from controls, 15, 60 and 250 ppb exposure 
groups. B: included only controls and the two lowest concentrations 173 
Figure 6-1. Location of the three sites along the coppergradient at Visnes (Site 2-4), 
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Visnes (VIS) 187 
Figure 6-2. The type of cages used for the caging study. Dimensions are 64 cm x 32 
cm X 28 cm 187 
Figure 6-3. T Accumulation of copper in mussel tissue along a pollutant gradient in the 
vicinity of an old copper mine. Values are based on measurements of one pooled (n = 
20 mussels) sample per site 192 
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Figure 6-4. Pie charts showing percentage distribution of the various types of dose-
response relationships observed for all significantly altered protein species mMytiliis 
edulis transplanted from a reference site in Forlandsl^orden (Karmoy, Norway) to a 
pollutant field gradient (including a gradient reference - site 1); male mussels to the left, 
and female mussels to the right. Note. 'Normal' includes both upregulated and 
downregulated protein forms 195 
Figure 6-5. MDS plots, derived from Euclidean distance similarity, comparing response 
on protein expression patterns m. Mytilus edulis along the copper gradient. Each symbol 
in the plot represents the average response of 30 individuals per group (input = 240/220 
mass peaks for males and females, respectively). F = females (A), M = males (B), 1-4 
= site 1-4 (site 1 = gradient reference). 196 
Figure 6-6. MDS plots comparing protein expression patterns in mussels transplanted 
from Forlandsl^orden to Visnes with protein profiles in indigenous mussels at Visnes. 
Each symbol in the plot represents the average response of 30 individuals per group 
(input = 240/220 mass peaks for males and females, respectively). F = females (A), M = 
males (B), SI- S4 = site 1- 4 197 
Figure 6-7. Plots of prediction success in classification models created with Pattern™ 
Software, for male (A) and female (B) mussels, in classifying individuals at site 1 
(gradient reference) from those at site 2-4 and Visnes. Graphs illustrate the percentage 
(values indicated) correct classification of exposed (sensitivity) and reference mussels 
(specificity). Learning models were created with 40 samples and tested with 20 new 
samples 199 
Figure 6-8. MDS plot comparing seasonal variation at the reference site with effect of 
caging at a copper contaminated site for Mytilus edulis: females (A) and males (B). 
Each symbol in the plot represents the average response on protein expression of 30 
individuals per group. Mussels collected at the reference site (ForlandslQorden) in 
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Figure 6-9. MDS plot of gender similarities and differences in mussels at site 2-4 (A-
C) and Visnes (D) compared to gender differences in mussels at site 1 (the gradient 
reference).The analysis is based on a similarity matrix constructed using normalised 
Euclidian Distances. Data inputs were all plasma protein peaks with S/N >5 (n = 240 
for males and 220 for females), where each symbol represents mean peak intensity for 
all the individuals in one exposure group (n = 30). The arrows indicate the relative 
distance between male and female organisms for each treatment group. SI - S4 = site 1 -
4, VIS = Visnes, M = males, F = females ". 202 
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Chapter 1 
General introduction 
" I Ijove no data yet 
It is a capital mistake to theorise before one lias data. 
Insensibly one begins to twist facts to suits theories, 
instead of theories to suit facts." 
Sherlock Holmes to Dr. Watson in a Scandal in Bohemia by Sir Arthur Conan Doyle 
Ttie key problem faced by enviromnental scientists is to recognize the damaging 
effects of chemical pollutants on natural" biota (Depledge and Fossi 1994). The 
biological consequences of introducing contaminants to the environment are becoming 
more apparent (Carson 1962), and there is an increasing awareness that man's activities 
are having detrimental effects on man and wildhfe (Colbom et al. 1996). "While Rachel 
Carson (1962), in "Silent Spring", gave an urgent warning about the dangers posed by 
overuse of pesticides, Theo Colbom and co-workers (1996) reviewed a large and 
growing body of scientific evidence linking synthetic chemicals to aberrant sexual 
development and behavioural and reproductive problems in "Our Stolen Future". These 
two books contributed significantly to the worldwide concern regarding certain groups 
of chemicals (natural and synthetic) that have the potential ability to interfere with 
endogenous hormone systems, so-called endocrine disrupting chemicals (EDCs). As a 
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result of this awareness, much international effort have been put into estabhshing 
research programs, organising conferences and workshops, and forming expert groups 
and committees to address and evaluate EDC-related issues. These include: (1) sources, 
fates and distribution; (2) chemical classes and their potencies; (3) exposure pathways 
and chemical modes of actions; (4) dose-response relationships, particularly in low-dose 
regions; (5) consequences of exposures to chemical mixtures; (6) evidence for 
ecological effects; (7) the importance and relevance of observations in humans and 
wildlife; (8) chemical testing procedures and guidelines, and (9) risk assessment 
/management (e.g. Colbom and Clement 1992; Kavlock et al. 1996; DeFur et al. 1999; 
Vos et al. 2000; IPCS 2002; Matthiessen and Johnson 2007). However, in spite of these 
efforts, the causal link between exposure to EDCs and endocrine disraption is still 
unclear, and new methods and test guidelines that could enhance the understanding of 
EDCs and their potential effects are a constant demand (e.g. Matthiessen and Johnson 
2007). 
1.1 The challenge - potential EDCs 
Humans and wildhfe are constantly exposed to a multitude of natural and 
anthropogenic chemicals. The worldwide use of chemicals has increased rapidly every 
year (e.g. Colbom 1996). Approximately 100 000 chemicals are currently being 
produced on an industrial scale (Depledge and Galloway 2005), whereas 1000-2000 
new compounds are annually being introduced to the market (Choi et al. 2004). Over 
the past decades, there has been growing scientific concern and public debate over the 
potential of some of these compounds to interfere with the normal flinctioning of the 
endocrine system in wildlife and humans (e.g. Colbom and Clement 1992). Endocrine 
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disruptors (EDCs) have emerged as a main focus in medicine (e.g. Sharpe and 
Skakkebaek 1993; Caserta et al. 2008), (eco)toxicology (e.g. Depledge and Billinghurst 
1999; Oberdorster and Cheek 2001; Benninghoff 2007), and regulatory policy (OECD 
1997; Durodie 2003; Segner 2003; http://ecb.irc.it/REACH/). Concerns about EDCs 
are related to: (1) some compounds, such as those associated with tributyltm (TBT) and 
oestrogen mimics, are known to cause significant environmental effects (i.e. sex 
changes in marine snails and riverme fish respectively) which were not predictable by 
traditional risk assessments (Jobling and Sumpter 1995; Matthiessen and Gibbs 1998); 
and (2) the modes of action of EDCs were not foreseen when existing chemicals 
regulations were enacted (Matthiessen and Johnson 2007). EDCs affect organisms by 
interfering with their endocrine systems instead of by more 'traditional damage' of 
cellular and physiological processes. Nevertheless, it is becoming increasingly clear that 
many (potential) EDCs can induce several types of toxicity/effects (e.g. Wetherill et al. 
2007). Thus, EDCs constitute a class of chemicals not defined by chemical nature only, 
but rather by biological effects. As a result, various pollutants can be collectively 
referred to as EDCs (Roderiguez-Mozaz et al. 2004), including synthetic hormones, 
phytoestrogens, mdustrial by-products, pesticides, plasticizers, detergents, 
pharmaceuticals, disinfectants, and additives used in consumer products and food (IPCS 
2002). This diversity of compounds makes it nnpossible to define a 'typical' EDC. In 
addition to their structural diversity, EDCs possess a range of different physico chemical 
characteristics. However, the definition agreed upon by the International Programme on 
Chemical Safety (IPCS 2002) stated that "An endocrine disruptor is an exogenous 
substance or mixture that alters ftinction(s) of the endocrine system and consequently 
causes adverse health effects in an intact organism or its progeny or (sub) populations", 
while "a potential endocrine disruptor is an exogenous substance or mixture that 
• 31 • 
Chapter 1. General,Introduction A. Bj0rnstad 
possesses properties that might be expected to lead to endocrine disruption in an intact 
organism, or its progeny, or (sub)populations". 
The list of known and potential EDCs is constantly increasing, and has grown beyond 
what anyone expected when attention was first drawn to this class of chemicals (e.g. 
http://ec.europa.eu/environment/endocrine/strategy/substances_en.htm#top). A hst of 
chemicals known or suspected to be EDCs, estabUshed by the European Community, 
included more than 500 compounds (EEC 2001). A comprehensive list of compounds, 
as well as their proposed mechanisms of action, is also provided at 
http://www.ourstolenfliture.org/Basics/chemlist.htm. 
There are many sources and exposure pathways for EDCs in the envuronment 
(e.g. Johnson and Jurgens 2003). Humans and wildKfe may be exposed through 
ingestion of contaminated water, air, food or consumer products (IPCS 2002). 
Exposure can also happen via skin contact (or via the gills) across cell membranes into 
the bloodstream (IPCS 2002). The fate of EDCs is related to their biophysical properties 
(Facemire 1999), ranging from persistent to rapidly degraded, lipophilic to hydrophilic, 
and nontoxic to very toxic (Sculte-Oehlmann et al. 2006). Persistency to degradation, 
lipophihcity and bioavailability are important factors affecting how and if compounds 
bio accumulate/bio concentrate and potentially biomagnifies via the food web (Facemire 
1999). Although a handfiil of the most notorious chemicals has been taken off the 
market (e.g. PCB and DDT), and others have been restricted to a narrower range of 
uses, new research is revealing that many other chemicals (e.g. brominated flame 
retardants, alkylphenols, phthalates, perfluorobctanes) could be equally or more 
harmfiil than the banned ones (e.g. 
http://www.wwforg.uk/filelibrary/pdf^causeforconcemOl.pdf). Furthermore, relatively 
little attention have been paid to e.g. heayy metals as potential EDCs, even though 
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recent reports indicate that they might disturb normal neuro-endocrine functions of 
vertebrates (e. g. Handy 2003), and interfere with hormones that stimulate reproduction 
and ovarian growth in invertebrates (e.g. Medesani et al. 2004; Rodriguez et al. 2007). 
Moreover, due to poor degradation of many chemicals m the envhonment (IPCS 
2002), wildlife and humans are simultaneously suffering contamination by chemicals no 
longer in production as well as chemicals currently in use, making it almost impossible 
to predict and understand the potential long-term insidious effects. 
1.1.1 Chemical modes of action on (endocrine) systems 
Endocrine systems 
The basic endocrine strategy to regulate biological processes has been widely 
conserved (McLachlan 2001), however, due to evolutionary divergence of specific 
components of endocrine systems, there are distmct differences between the various 
biological taxa (Oehlmann and Schulte-Oehlmann 2003). It is beyond the scope of this 
thesis to provide a comprehensive description of endocrinology; however a brief 
description of endocrine systems will help understand the mode of action of EDCs. 
Endocrine systems are integrated networks of cells, tissues and organs involved in the 
release of extracellular signalling molecules or 'chemical messengers' (i.e. hormones) 
to regulate metaboUc, nutritional, behavioural and reproductive processes (IPCS 2002). 
Equally, the endocrine system plays an important role in regulation of growth, 
development, gut, kidney and cardiovascular functions, and responses to all forms of 
stress (e.g. DeFur et al. 1999; Greenspan and Gardner 2006). The primary function of 
an endocrine system is to transform various exogenous stimuli into chemical 
messengers and hormones, resulting in appropriate gene expressions and synthesis of 
proteins and/or activation of already existing tissue-specific enzyme systems 
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(Greenspan and Gardner 2006). Hormones are synthesised by a group of specialised 
cells termed glands. Endocrine glands arise during development for all three 
embryo logic tissue layers (i.e. endoderm, mesoderm, ectoderm). The type of 
hormone(s) produced by the different glands is dependent on the tissue layer a gland 
originates from. For example, glands of ectodermal and endodermal Origin produce 
peptide and amine hormones, while mesodermal-origin glands secrete hormones based 
on lipids (e.g. steroids) 
rhttp://www.emc.maricopa.edu/facultv/farabee/BIOBK/BioBookENDOCR.html). This 
arrangement is not true for aU organisms. For example, for invertebrates, the arthropods 
are the only group with true endocrine glands derived from epithehal tissue and 
fimctioning the way vertebrate glands do (DeFur 2004). Hormones are, however, 
involved in endocrine regulation m many invertebrate taxa (e.g Mollusca, Crustacea, 
and Echinodermata), (Oetken et al. 2004). In general, hormones may be grouped mto 
five main classes based on their chemical properties. These are peptide hormones, 
glycopeptides, amino acid derivates, fatty acid derivates, and steroid hormones 
(Greenspan and Gardner 2006). Most hormones circulate in the blood or extracellular 
fluid, where they exist as soluble molecules or are bound to plasma proteins (Hammond 
1995). 
How do hormones act? 
An knportant area of study is to determine precisely how the hormone (as well 
as natural and anthropogenic chemicals) acts to change the physiologic state of its target 
cells (its mechanism of action). The best known example of hormonal signal 
transduction is where hormones bind to functional and specific hormone receptors on 
target cells (Greenspan and Gardner 2006). Hormone receptors can either be located on 
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the surface of the cell or within the cell depending on the hormone (Table 1 -1), 
(http://www.vivo.colostate.edvi/hbooks/pathphys/endocrine/index.html). 
Table 1-1 The two categories of hormone receptors, classes of hormones that bmd to them, and 
principal mechanisms of action. 
Adapted from http://www.vivo.colostate.edu/hbooks/pathphvs/endocrine/index.html. 
Location of Receptor Classes of Hormones Principle Mechanism of Action 
1. Cell surface receptors 
(plasma membrane) 
2. Intracellular receptors 
(cytoplasm and/or nucleus) 
Proteins and peptides, 
catecholamines and 
eicosanoids 
Steroids and thyroid 
hormones 
Generation of second messengers which 
alter the activity of othermolecules -
usually enzymes - within the cell 
Alter transcriptional activity of 
responsive genes. 
For example, water-soluble hormones, like growth factors and cytokines, first bind to 
cell surface receptors that mediate their signals across cellular membranes via the 
generation of so-called second messenger systems (e.g. protein kinase activity), that 
subsequently activate intracellular signalling pathways for transduction of the hormonal 
signal (Lodish et al. 2000; Helmreich 2001). On the other hand, lipophilic, fat-soluble 
hormones, like steroid hormones, pass through the cell membrane by diffiasion, bind to 
intracellular receptors directly and act upon target cells by affectmg gene expression 
and transcription, and hence potentially protein expression (Figure 1-1). Nevertheless, 
growing evidence suggests that some hormones (e.g. steroids) have the capability to act 
through non-genomic pathways (e.g. Janer and Porte 2007). 
• 35 • 
Chapter 1. General Introduction A. Bj0rnstad 
l A . WATER SOLUBLE HORMONE 
IB. LIPOPHILIC HORMONE 
BOUND TO PLASMA PROTEIN/ 
\ 
o 
2B. FREE LIPOPHILIC 
HORMONE 
2A. HORMONE BINDING TO MEMBRANE 
3A. TRANSMISSION OF SIGNAL AND RESPONSE 
o; 
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Figure 1-1. Illustration of hormone-signal mediation via cell surface (membrane) receptors (A) and 
intracellular receptors (B) for water soluble and UpophiUc hormones respectively. Adapted from 
(Helmreich 2001; Lodish et al. 2000 ). HRE = Hormone response element in DNA. 
The physiological effects of hormones are dependent on their concentration in the blood 
and extracellular fluid (Helmreich 2001). Almost inevitably, disease results when 
hormone concentrations are either too low or too high (Hehnreich 2001). The 
concentration of a hormone (as seen by the target cell) is determined by: (1) rate of 
production, (2) rate of delivery, and (3) rate of degradation and elimmation (Bentley 
1998).The endocrine system regulates its hormone level primarily through negative 
feedback mechanisms (e.g. Liu et al. 2007). Increase m hormone activity for a specific 
hormone will automatically lead to a decrease in the production of that hormone to 
maintain a constant hormone level (and homeostasis). For example, disruption of 
physiological negative feedback loops in relation to cancer might result in the loss of 
cell cycle control and lead eventually to increased tumour growth and local breakdown 
of adjacent stroma (Singer et al. 2003). In addition to signal transduction via hormones. 
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there are other chemical regulators such as neurohormones (secreted by neurons), and 
cytocrines, that can be divided into intracrines (molecules that act on the same cell that 
produced them) and paracrines (molecules that dif&se from their source to target 
neighbouring cells), (e.g. IPCS 2002). 
How do EDCs act? 
Despite an overall lack of knowledge of mechanisms of action of EDCs, there 
are several examples of mechanisms of actions related to direct perturbations of 
endocrine ftinction and, ultimately, to adverse in vivo effects (Sonnenschein and Soto 
1998; IPCS 2002; Choi et al. 2004). These can be divided into: 
(1) agonistic/antagonistic effects ("hormone mimics"); (2) disruption of production, 
transport, metabolism, or secretion of natxiral hormones; and (3) disruption of 
production and/or ftinction of hormone receptors (Goksoyr 2006). Receptor-mediated 
mechanisms of action, where chemicals act as 'hormone-mimics' by binding to 
hormone receptors either as agonists (i.e. molecules that bind the receptor and induce all 
post-receptor events that leads to a biological effect) or as antagonists (i.e. molecules 
that bind the receptor and block bindmg of the agonist, but fail to trigger intracellular 
signalling events), have, by far, attracted the most attention (e.g. Goksoyr 2006). 
However, research has clearly shown that EDCs can act at multiple sites via multiple 
mechanisms of action (e.g. Satoh et al. 2001), and hormone synthesis, transport, and 
metabohsm are equally important as receptor-mediated mechanisms of action (e.g. 
IPCS 2002). Finthermore, endocrine systems are able to communicate with each other 
as well as with other systems via so-called cross talk (e.g. IPCS 2002; Goksoyr 2006), 
which does not make it easier to assess/predict all the potential mechanisms of action 
for EDCs. 
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1.1.2 Evidence of (ecological) effects of EDCs 
Endocrine disruption is a global phenomenon and has been the subject of many 
reviews and workshops in recent years. Across the world, endocrme-related effects have 
been reported to cause reproductive failure and population declines in wildhfe (e.g. 
IPCS 2002). In humans, decline in sperm quality, increase in the frequency of 
developmental abnormalities of the male reproductive tract, precocious puberty, altered 
neuronal development, and increase in the frequency of mammary, prostate and 
testicular tumours prompted numerous studies of endocrine disruption in humans and 
wildlife species (IPCS 2002). A review of the wide and complex field of endocrine 
disruption in wildhfe was outside the scope of this work, however, excellent (and 
comprehensive) reviews are provided by several authors (e.g. Tyler et al. 1998; 
Depledge and Billinghurst 1999; DeFur 1999; IPCS 2002; Oetken et al. 2004; Goksoyr 
2006; Porte et al. 2006; Ketata et al. 2008). In summary, the greatest attention to 
endocrine disruption has been paid to estrogenic effects (e.g. IPCS 2002), although one 
of the best documented cause-effect relationships has been established for the 
androgenic activities of organotia compounds in molluscs (e.g. Bettin et al. 1996; 
Oehlmann and Schulte-Oehlmann 2003). In spite of this (or except fortius), there has 
been a general lack of focus on effects of EDCs in mvertebrates. As a consequence, a 
workshop exploring the current status of invertebrate endocrinology and endocrine-
mediated effects of (potential) EDCs was held in the Netherlands in 1998 (Endocrme 
Disruption In Invertebrates: Endocrinology, Testing And Assessment - EDIETA). The 
workshop culminated in the SETAC publication carrying the same title as the workshop 
(DeFur et al. 1999), and included overviews of various invertebrate endocrinology and 
observed effects of EDCs. The volume provided many suggestions for improvement 
and indicated several research gaps, and thus served as a starting point for further 
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research. More recently, a special issue of Ecotoxicology was dedicated to endocrine 
disruption in invertebrates (Ecotoxicology, volume 16, Number 1/ February 2007). The 
aim of this special issue (containing 17 papers) was to review some of the efforts 
undertaken to fill the research gaps outlined m DeFur et al. (1999) (Weltje and Schulte-
Oehlmann 2007). For example, the challenge to differentiate between 
general/reproductive toxicity and the modulation of complex endocrine mechanisms of 
biological regulation was addressed by Lagadic et al. (2007); LeBlanc (2007) evaluated 
similarities and differences between the hormone systems of msects and crustaceans; an 
updated overview of the 'case study' of tributyltin effects in prosobranch snails was 
given by Oehlmann et al. (2007); and Sugni et al. (2007) provided good arguments for 
echinoderms as new sentinels for endocrine disruption research. Furthermore, 
knowledge regarding mechanisms of (endocrine) mediated signallmg processes and the 
potential ways of impairing the ftinctionality of the latter is essential to predict effects of 
EDCs. Lafont and Mathieu (2007), Janer and Porte (2007), and Kohler et al. (2007) 
focused on mechanistic aspects of endocrine disruption in invertebrates as a whole, with 
an emphasis on (sex) steroids. The papers reviewed both receptor-mediated (Kohler et 
al. 2007) and non-receptor-mediated (non-genomic) effects (Janer and Porte 2007), as 
well as the roles of steroids in aquatic invertebrates (Lafont and Mathieu 2007). Finally, 
ciorrent (and suggested) guidelines for testing of EDCs were described and discussed by 
Gourmelon and Ahtiainen (2007); Duft et al. (2007); Kusk and WoUenberger (2007); 
Tatarazako and Oda (2007); Verslycke et al. (2007); and Taenzler et al. (2007). The 
combined efforts evaluated in this special issue revealed that much have been achieved 
regarding improved knowledge about EDCs and their effects on invertebrates, however, 
many research gaps still remain (e.g. Hutchinson 2007). 
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1.1.3 Research needs and current concerns regardmg EDCs 
Based on recommendations and research needs summarised in selected EDC 
reviews (i.e. IPCS 2002; Sumpter 2005; Hutchinson 2007; Matthiessen and Johnson 
2007), the following issues are of high priority to understand and predict potential 
effects of natural and anthropogenic chemicals on man and wildlife (many of which is 
not limited to EDCs only): 
(1) Elucidate the range of mechanisms by which EDCs may act, at all levels of 
biological organisation, and at key stages of hfe cycles, and assess windows of 
susceptibility to EDCs jfrom mechanistic data. 
(2) Develop more specific and sensitive biomarkers for detecting endocrine-
mediated effects on individuals and populations. 
(3) Clarify the possible roles of non-specific versus endocrine-mediated effects. 
(4) Develop improved methodologies for assessing dose-response relationships at 
environmentally-relevant concentrations. 
(5) Improve knowledge regarding biphasic dose-response relationships (at low 
concentrations). 
(6) Improve knowledge regarding mixture toxicity (at low concentrations). 
(7) Increase long-term monitoring of'sentinel' wildhfe species to provide baseline 
data on population status. 
(8) Assess species differences and similarities. Elucidate how and why chemicals 
act differently in different organisms. 
(9) Continue to identify chemicals that are likely candidates for high-hnpact effects 
in individuals (humans) and populations, and unprove post-registration 
monitoring of chemicals to assess potential longer-term hnplications. 
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In addition, some of the aforementioned tasks depend upon a better understanding of 
endocrinology (e.g. DeFur et al. 2004), as well as a wider assessment of reproductive 
status (Hutchinson 2007), since reproductive success is a vital parameter for 
maintaining populations. Furthermore, international collaboration is recommended to 
assess the exposure and effects of EDCs on man and wildlife populations on a more 
global basis (IPCS 2002). Moreover, endocrme distiurbances must be put into the 
context of other environmental pressures such as global warming, spread of disease and 
habitat loss (Jenssen 2006; Jobling and Tyler 2006). 
1.2 Current environmental monitoring 
The study of potential toxic substances in the environment includes several 
disciplmes such: (1) envii-onmental chemistry that focuses on the presence and fate of 
chemicals in the environment and on their transport between air, soil, and water; 
(2) environmental toxicology focusing on the effect of chemicals in the environment on 
organisms; and (3) ecology focusing on interactions between organisms, and between 
organisms and their enviroimients, whether or not human influences are present (Francis 
1994). AU these disciplines are now combined in the term 'ecotoxicology' that was first 
defined by Rene Truhaut (1977) as "the branch of toxicology concerned with the study 
of toxic effects, caused by natural or synthetic pollutants, to the constituents of 
ecosystems, animal (including human), vegetable and microbial, m an integral context". 
Forbes and Forbes (1994) defined three main objectives in ecotoxicology: (1) Obtaining 
data for environmental risk assessment (ERA) and envhonmental management, (2) 
meeting the legal requirements for the development and release of new chemicals into 
the environment, and (3) developing empirical or theoretical principles to unprove 
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knowledge of the behaviour and effects of chemicals in living systems. The ultimate 
aim of ERA is to provide sufficient information for decision making with the purpose of 
protecting the environment (and the organism within it) from unwanted effects of 
natural and anthropogenic chemicals (Breithohz et al. 2006). Thus ecotoxicology, ERA 
and risk management (decision making) should be linked in a proactive approach as 
shown in Figure 1-2. 
Environmental Managemen|| 
Figure 1-2. Shows how ecotocicology, ERA and risk management depend upon each other for a most 
efficient management of enviromnental pollutants. R & D = Research and Development. Figure courtesy 
of Steinar Sanni at IRIS Biomilje. 
Ecological risk assessment, in contrast to human risk assessment, is usually concerned 
with effects at four different levels of organisation, including individual organisms, 
populations of organisms, communities and ecosystem, where an ecosystem is the pool 
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of communities in a given area and depends on the continued functioning of diverse 
elements to maintain the balance of the system (Francis 1994). 
In the early phase of environmental monitoring, the most common approach was 
to measure physical and chemical variables with the occasional implementation of 
biological variables (Lam and Gray 2003). This approach was based on ranking the 
relative toxicities of chemical with laboratory acute tests performed on a few species, 
generally not ecologically relevant. By measuring the level of chemicals in water, air, 
soils, sediments and biota, predictions were then made, based on extrapolations from 
toxicity tests (i.e. LC50), as to whether adverse effects were likely to occur in the 
considered ecosystem. The drawback of this approach was that it did not focus on the 
well being of individual organisms, populations and communities in situ. Another 
approach to measure the impact of pollution on the aquatic ecosystem has been the 
'bioindicator' method which measured contaminant impact in situ at the community or 
ecosystem level (e.g. Gray et al. 1990). Nevertheless, 'bioindicators', relying on the 
presence or absence of a species, provide information on the impact only after the 
ecosystem equilibrium has been disrupted (e.g. Lam and Gray 2003). However, with 
technical developments that enhanced the ability to detect and quantify biological 
changes at the molecular, cellular and physiological levels following exposure to 
envfronmental chemicals, the 'biomarker-concept' emerged (e.g. PeakaU 1992; 
Depledge 1993). 'Biomarker' is a commonly-used term within a variety of scientific 
fields (e.g. http://en.wikipedia.org/wiki/Biomarker). thus the term has many definitions 
dependmg on the application. However, in ecotoxicology, it has been defined as 
"biochemical, cellular, physiological, or behavioural changes that provide evidence of 
exposure to, and/or toxic effects of, one or more contaminants" (Depledge and Fossi 
1994). Biomarkers are classified commonly as biomarkers of exposure or biomarkers of 
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effects according to tlie meaning of tlie toxico logical indication they provide (Fossi et 
al. 199'9), and can help to bridge the gap between the laboratory and the field by giving 
direct evidence of whether or not a particular animal, plant or ecosystem is being 
affected by pollution. Biomarkers often provide more reliable evidence of exposure 
than measiurements of the pollutants themselves in the environment, the latter are often 
short lived and difficult to detect, whereas their effects (detectable via biomarkers) may 
be much longer term (Fossi et al. 1999). A high-quality biomarker of a specific 
chemical class or specific mechanism of action (as defined by Benninghoff2007) 
should have the following attributes: (1) the biomarker should be inducible or 
repressible, (2) the measured response should be specific to chemicals within that class, 
(3) the response should have sufficient sensitivity for routme detection, (4) the 
biomarker should be highly accurate and reproducible among experiments within a 
laboratory and among different laboratories and animal models, and (5) the biomarker 
should be quantifiable so that degree of risk can be estimated. 
Implementation of biomarker techniques has, however, not yet been fully 
incorporated into routine environmental monitoring (e.g. EU monitoring guidelmes). 
The reason for this could be that there is controversy over how biomarker responses at 
different levels of biological organisation should be interpreted (e.g. Dagnino et al. 
2007). As a result, much effort has been spent defining so-called 'expert-systems' or 
'biomarker-mdex systems' that aun to integrate multiple biomarker responses mto 
health indexes that are more easily interpretable, by regulatory authorities, as decision­
making tools to direct fiirther actions to ensure environmental quality (e.g. Narbonne et 
al. 1999; Broeg et al. 2005; Dagnino et al. 2007). Furthermore, a closer coUaboration 
between human risk assessment and ERA has been suggested, to achieve a more 
balanced view of envuronmental health issues, as well as to facilitate the acceptance of 
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biomarkers within regulatory risk assessment (e.g. Galloway 2006; Owen et al. 2008). 
Genon:uc and proteomic-based approaches are increasingly applied as input to human 
risk assessment (e.g. Ge et al. 2007), and are thus potential candidates for a closer link 
between human risk assessment and ERA. Moreover, the research needs outlined in 
Section 1.1.3 (e.g. understanding of chemical modes of actions) have not been 
addressed adequately by current methods. Therefore, several authors emphasise the 
need for supplementing methods that can identify new compound- and mechanism-
specific biomarkers, exploiting genomic and proteomic techniques (e.g. Depledge 1993; 
Rotchelle and Ostrader 2003; Moore et al. 2004; Matthiessen and Johnson 2007). Thus, 
'toxicoproteomics' might be the next step in the evolution of envkonmental biomarkers 
(Bennmghoff2007). 
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1.3 The new methods - 'omics' technologies 
It has been 64 years since the historic demonstration by Avery et al. (1944) that 
DNA was thai genetic material. Two years later, Auerbach and Robson (1946) 
demonstrated that chemicals exert powerful mutagenic effects and, hence, seriously 
alter the genetic codes that control all functions of hfe. Since then, a comprehensive 
understanding of the DNA structure, mechanism of DNA replication, the genetic code 
for proteins and enzymes that control cell structure and function, have been achieved 
(Aardema and MacGregor 2002). However, the advent of whole-genome sequencing 
(Fleischmann et al. 1995; Lander et al. 2001) marked a significant phase transition in 
the history of biological research (e.g. Quackenbush 2007). With tens of thousands of 
genes, and potentially hundreds of thousands of proteins to identify, correlate and 
imderstand, new technology that could study more than one gene, gene product or 
process at the same time became a necessity (MacGregor 2003). Thus, biological 
science moved from hypothesis-driven reductionist to hohstic science with no a priori 
decisions regarding importance of potential changes (Coulton 2004), and the era of 
'omes' and 'omics' came upon us. 'Omics' is derived from the Latin suffix 'ome' which 
denotes a body or group (Lederberg and McCray 2001), here converted into, genome, 
transcriptome, proteome, metabolome etc. - the complete set of genes, transcripts, 
proteins, metabolites, etc. contained in the cellular complement of chromosomes. The 
respective studies of the 'omes' are termed 'omics' (Lederberg and McCray 2001). 
In the past decade, a plethora of new 'omics' technologies has been coined (e.g. 
http://en.wikipedia.org/wiki/List_of^omics_topics_in_biology) and resulting 'omics' 
data are providmg comprehensive description of nearly all components and interactions 
within a cell (Joyce and Palsson 2006). For example, DNA (genomics, e.g. Kellis et al. 
2003) is first transcribed into mRNA (transcriptomics, e.g. Carter 2006) and translated 
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into proteins (proteomics, e.g. Patterson and Aebersold 2003), which can catalyse 
reactions that act on and give rise to metabolites (metabolomics, e.g. Dunn and Ellis 
2005), glycoproteins and oligosaccharides (glycomics, e.g. Shriver et al. 2004), as well 
as various lipids (lipidomics, e.g. Wenk et al. 2005). When these components are 
tagged, they can be localised within the cell (locahzomics e.g. JHuh et al. 2003) or in 
tissue cultures (histocytomics, Coulton 2004). Furthermore, the processes that are 
responsible for generating and niodifying these cellular components are generally 
dictated by molecular interactions (interactomics, e.g. Cusick et al. 2005), such as 
protein-DNA or protein-protein interactions. Ultimately, the metabohc pathways 
comprise mtegrated networks, or flux maps (fluxomics, e.g. Wiechert et al. 2007), 
which control/dictate the cellular behaviour, or phenotype (phenomics, e.g. Bochner et 
al. 2003). 
The goal of 'omic' approaches is to acquire comprehensive, integrated 
imderstanding of biological complexity by a simultaneous study of all biological 
processes (Lay et al. 2006). Due to the complexity of biological systems and thus at the 
different 'omics' levels (Figure 1-3), there is still a long way to go before this goal is 
achieved (e.g. Coulton 2004; Baak et al. 2005; Lay et al. 2006). 
• 47 • 
Chapter 1. General Introduction A. Bj0rnstad 










United metabolic patliv/ays 
compartmentalization 
metabolic specialization of organs 
person's genetic predisposition, environmental Actors, interactions 
person's genetic predisposition, environmental factors, interactions 
regulation (activation, inactlvation of e.g. proteins, expression capacity) 
status of metabolism (catabolism, anabolism; rate of compound absorption, 
distribution, metabolism, and excretion) 
age, sex, ethnicity 





external stimuli (nuti-IHon, life style, stress, phantiaceuticals, radiation,..) 
resulting "phenome" (phenotype) "nomial" function vs. dysfunction (organism with good health vs. 
disease) 
cumulative effects of a multiplicity of genes, various signaling and 
metabolic pathways 
Figure 1-3. Complexity of the different 'omics' levels are influenced by genetic predisposition, 
environmental fectors and regulatory interactions within and between the 'omes' (adapted from Lay et al. 
2006). Figure courtesy of Prof Charles Wilkins. 
Figure 1-3 simplifies the interaction of the main 'omics' technologies. However, Joyce 
and Palsson (2006) classified 'omics' data into three categories: components, 
interactions and functional-states data, where component data describe the molecular 
content of the ceU or system, interactions data specify the links between molecular 
components, and functional states data provide an intergraded display of all omics data 
types by revealing the cellular phenotype (Figure 1-4). 
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1.3.1 Genomics 
The genome is defined as "all the genetic information, the entire genetic 
complement, all of the hereditary material possessed by an organism" 
(http://www.medterms.com). Humans and (some) higher animals have 'two' genomes, a 
chromosomal genome (inside the nucleus of the cell in the form of chromosomes) and a 
mitochondrial genome (the mitrochondrial chromosome, in the cytoplasm of the cell) 
which together make up the total genome (e.g. Saavedra and Bachere 2006). The 
mitochondrial compartment of the genome is especially interesting in bivalves because 
some species show a particular type of inheritance called ' doubly uniparantaT, which is 
two types of mitochondrial genomes, transmitted through females and males, 
respectively (reviewed in Zouros 2000). 
The term 'genomics' has been known since 1920 when it was used to describe 
the complete set of chromosomes and their associated genes (Snape et al. 2004). Today, 
the term is used to describe scientific disciplines like genome sequencing, identification 
of gene fiinction and determining genome architecture (Snape et al. 2004). Since 1995, 
639 genome-sequencing projects have been completed (as of September 2007, LioUos 
et al. 2008), which is more than double the number reported 2 years earher (Liolios et 
al. 2006). In addition to the complete projects, there are currently 2158 ongoing 
sequencing projects; 1328 of those are bacterial, 59 archaeal and 771 eukaryotic projects 
(Liolios et al. 2008). Although marine species have not been highly prioritised in 
genome-sequencing projects, interest in marine wildlife genomics has emerged in recent 
years (e.g-. http://www.marinegenomics.org: Venter et al. 2004; McKillen et al. 2005; 
Peck et al. 2005). For example, bivalve genomics (e.g. Meyer et al. 2003; Saavedra and 
Bachere 2006; Jenny et al. 2007) and echinoderm genomics (e.g. Cameron 2002; Bottjer 
et al. 20006; Sodergren et al. 2006) have received much attention lately, mainly due to 
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their utility as a model organism for the study of the genomic control circuitry 
underlying embryonic.development (e.g. Sarrianta et al. 2006) or importance in 
aquaculture industry (e.g. Saavedra and Bachere 2006). Nevertheless, these sequence 
data could become very usefiil in ecotoxicological studies to understand the 
mechanisms involved in toxic responses following anthropogenic insults. 
Much of the current sequencing effort is directed towards the construction of 
microarrays (e.g. Schena et al. 1995; 1998), which have proven to be useful tools to 
study different physiological fiinctions (e.g. Stoughton 2005). For example, for bivalves 
(farming species), an international collaboration has been initiated to produce 
multispecies microarrays constructed from relevant genes (i.e. expressed sequence 
tags) of haemocytes, gills, gonads and digestive in oysters (C. gigas and C. virginicd), 
mussels {Mytilus sp.) and clams {Ruditapes sp.) (see Hedgecock et al. 2005; 
http://www.marine-genomics-europe.org/). The use of microarrays leads to the next 
category of'omics', transcriptomics. 
L3.2 Transcriptomics 
The genome is.only a source of information. In order to function, the genes must 
be expressed. The transcription of genes to produce RNA is the first stage of gene 
expression. When a cell is affected by changes in the environment it responds by 
accessing the genes encoding instructions for the production of new cellular 'building 
blocks'. These instructions, to make messenger RNA (mRNA) molecules (known as 
transcripts), are read from the genes in a process called transcription (Campell 1991). 
The field of transcriptomics, thus, provides mformation about both the presence and the 
relative abundance of RNA transcripts, thereby indicating the active components within 
the cell (e.g. Joyce and Palsson 2006). Since 1990, many studies have examined the 
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dynamics of gene expression in various model systems (e.g. reviewed by Stoughton 
2005; Jaluria et al. 2007). The most apphed approaches in transcriptomics are 
microarrays (e.g. Brown and Botstein 1999; Hardiman 2004) and serial analysis of gene 
expression (SAGE), (e.g. Velculescu et al. 2000; Harbers and Cammci 2005). 
Furthermore, transcriptomics have been suggested to be the most true 'omics' (i.e. 
global method - because of its ability to investigate the entire genome simultaneously; 
Coulton 2004), due to the existence of microarrays that cover ahnost all the genome 
(e.g. Samanta et al. 2006). Transcriptomics (and whole-genome covering microarrays) 
provides an opportunity to identify statistically valid changes in pattern of gene 
expression (Coulton 2004), as well as an organism's non-protein-coding transcriptome 
(e.g. He et al. 2006). 
Gene-expression analyses have gained popularity in ecotoxicology as well. For 
example, a literature search at 'ISI Web of knowledge' (http://apps.isiknowledge.com), 
using the search strings 'gene-expression' and 'ecotoxicology', generated 561 hits in 
2008, which is a 10-fold increase from 2002 (i.e. 56 hits). Apphcations cover various 
biological questions, however, they are concerned predominantly with so called 
'(eco)toxicogenomic' (Nuwaysir et al. 1999; Snape et al. 2004) issues, i.e. identification 
of gene sets predictive of toxic outcome (e.g. reviewed by Neumann and Galvez 2002; 
Letteri etal.'2006). 
Nevertheless, even though transcriptomics data provide usefixl information 
regarding gene expression, it has been shown that the level mRNA coding for particular 
proteins does not necessarily correlate with level of expressed protems (e.g. Anderson 
and Anderson 1998; Gygi et al. 1999). Moreover, various levels of posttranslational 
modifications (PTMs) of proteins are not captured by transcriptomics analyses (e.g. 
Joyce and Palsson 2006). 
• 52 • 
Chapter 1. General Introduction A. Bj0rnstad 
1.3.3 Proteomics 
It is the proteins, and not mRNAs, that are the fimctional units of the cell (Gygi 
et al. 1999). The word protem is defined as "A large molecule composed of one or 
more chains of ammo acids in a specific order determined by the base sequence of 
nucleotides in the DNA coding for the protein" (http://www.medterms.com). The 
process of making proteins starts with the cells transcribmg DNA into mRNAs. 
Ribosomes then translate mRNAs into proteins by matching each codon (a set of any 
three adjacent bases in the DNA or RNA) with the correct amino acid to form the fiiU 
protein chain (Campbell 1991). After translation, proteins can undergo modifications in 
several ways; for example, through specific cleavage (proteolyse, e.g. Arguello-Morales 
et al. 2005) or by the addition of biological molecules, such as sugar (glycosylation, e.g. 
reviewed by Morelle et al. 2006) and phosphates (phosphorylation, e.g. reviewed in 
Paradela and Albar 2008). There are more than 100 different types of known PTMs and 
each plays an important role in the fimctioning of proteins (Morelle et al. 2006). 
The term proteome was corned from the PROTEin complement of the genOME 
by Marc Wilkins (Wilkins et al. 1996), and is defined as "the complete set of proteins 
expressed and modified following their expression by the genome". Proteomics is 
defined as "the study of proteins, how they're modified, when and where they're 
expressed, how they're involved in metabohc pathways and how they interact with one 
another." Although initially defined as the effort to catalogue the protein complement of 
cells and tissues, proteomics now covers nearly any type of technology focusing on 
protein analysis, including the systematic analysis of protein expression, structure, 
molecular interactions, fiinction, folding, purification, and structural genomics on a 
parallel scale (Carbonaro 2004). Consequently, proteomics are often categorised into: 
(1) 'expression proteomics', i.e. the comparison of protein abundance between different 
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conditions; (2) 'structural proteomics', e.g. analysing protein complexes and protein-
protein interactions; and (3) 'ftinctional proteomics' e.g. analyses of PTMs (Graves arid 
Haystead 2002). Compared to genomics/transcriptomics, applications of proteomics in 
ecotoxicology has been limited. An 'ISI web of knowledge search' using the search 
strings 'protein-expression' and 'ecotoxicology', generated 50 hits, in contrast to the 
561 hits that were generated if 'protein expression' was replaced by 'gene expression'. 
Nevertheless, the number of pubhcation released within ecotoxicoproteomics is 
mcreasmg within 'expression proteomics' (i.e. the comparison of protein abundance 
between different conditions) being the predominant apphcation within the field, 
comprising 85% of the available pubhcations (reviewed by Monsinjon and Knigge 
2007). 
1.3.4 Metabolomics/Metabonomics 
The discipline of metabolomics (also termed metabonomics in pharmacological 
studies) was defined as "the quantitative measurement of the multi-parametric metabolic 
response of living systems to pathophysiological stknuli or genetic modification" by 
Nicholson et al. (1999), and is thus the study of the small molecules, the metabolites. 
According to a widely-used definition, a metabolite is a product of metabohsm or is 
necessary for metabohsm (Dettmer and Hammock, 2004). Metabolites range from 
sugars, lipids, amino acids and nucleotides, to more novel structures, and represent the 
substrates and products of the chemical reactions occurring m a cell. Most of the present 
metabolomics studies rely on nuclear magnetic resonance, NMR (e.g. Nicholson et al. 
2002; Robosky et al. 2002; Viant et al. 2003), or mass spectrometry coupled to (liquid 
or gas) chromatography (e.g. Plumb et al. 2002; 2003; Dunn and Ellis 2005). One of the 
greatest challenges in biology is to understand how phenotypes map on to the genotype 
(e.g. Depledge 1994; Snape et al. 2004). As the changes in the metabolome is the 
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ultimate measure of an organism to genetic alterations, disease, or environmental 
influences, metabolomics will be the best predictor of the phenotype (Fiehn 2002). 
However, the study of genotype-phenotype relationship has its own category of 'omics', 
phenomics (e.g. Bochner et al. 2003). 
At present, metabolomics is the least apphed (i.e. pubhshed) 'omics' technology 
in ecotoxicology. Nevertheless, is has been proposed as an alternative approach to 
histology for gender determination in (spawned) bivalves (Hines et al. 2007). Viant et 
al. (2003) investigated withering syndrome in the shellfish red abalone {Haliotis 
rufescens) using a NMR-based metabolomic approach. Metabolomics has also been 
apphed to study the impact of chemical exposures (e.g. Stentiford et al. 2005; 
Samuelsson et al. 2006; Ekman et al. 2007) and anoxic tolerance (e.g. Podrabsky et al. 
2007) m fish. 
1.3.5 Which is the preferred 'omic' technology? 
Genomics, proteomics and metabolomics are complementary approaches that 
contribute unique information (e.g. Joyce and Palsson 2006). It has been acknowledged 
that the best approach to fully understand cell physiology and an organism's strategy of 
Kfe would be to simultaneously carry out a comprehensive analysis of transcripts, 
proteins and metabohtes, combined with bioinformatics/chemometrics and other 
relevant (clinical) data in a so-called 'systems biology'/'biomics' approach (e.g. Morel 
et al. 2004; Coulton 2004; Joyce and Palsson 2006; Lin and Qian 2007). Each of the 
currently available technologies, standing alone, has particular advantages and 
disadvantages for specific applications, and there is also a strong synergy between them. 
For example, the genome is, in contrast to the other 'omes', of static nature and is 
'only' a source of information that cannot give complete msight into cellular processes 
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(Campbell 1991). Transcriptomics provide additional information as to which genes are 
being expressed. However, not all mRNA is transcribed into protems (e.g. Gygi et al. 
1999), and analysis of gene expressions will only be able to predict the proteins that can 
potentially be generated, but not where, when or at what level (Anderson and Anderson 
1998). Furthermore, it is not possible to teU which cells the protems will be exjpressed in 
or at what stages of development, differentiation or environmental stimulus this will 
happen. Moreover, the enormous diversification of structure that results from alternative 
sphcmg of mRNA, as well as various posttranslational modifications (that can 
significantly alter the function of a protein), must also be taken into account (Pandey 
and Mann 2000; Tyers and Mann 2003). Nevertheless, a proteomic approach is 
dependent on genomic data (sequence database information) to fulfil its potential. 
Metabolomics is, as proteomics, suitable for identification of gene products and cellular 
constitutes in both various body fluids (allowing non- invasive testing) and tissue 
compartments. Additionally, metabolome analysis allows a direct link to phenotype 
(Fiehn 2002). An advantage of metabolomics over transcriptomics and proteomics is 
that the complexity is less, because there are fewer metabolites than genes and proteins 
(Raamsdonk et al. 2001). MacGregor (2003) predicts that genomics/transcriptomics will 
play a 'discovery' role with respect to biomarkers for in vivo monitoring, by identifying 
those genes induced in response to given stimulus, while peptides, protems, and 
metabolites, will emerge as those biomarkers of functional status or damage response 
used in routme toxico logical practise. 
As a systems biology approach was not possible m the present study, a 
proteomics approach was chosen with the aim of detecting biomarker patterns indicative 
of conditions/effects in selected species following exposure to environmental pollutants. 
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Further 'omics' descriptions and discussions in this report will be restricted to 
'expression' proteomics. 
1.4 The current state of 'expression' proteomics 
Proteomics is probably the most complex and dauntmg of the 'omics' 
technologies, given the sample's complexity and dynamic range of protein abundance 
(e.g. Meyer and Stuhler 2007). Proteomics encompasses knowledge of the structure, 
function and expression of all proteins as a function of time, state, age and external 
factors (e.g. Wilkins et al. 1996; Reynolds 2002). Multiple choices of technologies and 
approaches are available for the different categories of proteomic research. Currently, 
two basic approaches are used for the characterisation of proteins in proteomic 
protocols. The so-called 'top-down' approach starts with analyses of native proteins 
(complex mbctures), while in the 'bottom-up' approach (i.e. MudPit - multidimensional 
protein identification technique) or "shotgun approach", the complex protein mixtures 
are digested to the peptide level and analysed directly (e.g. MacCoss et al. 2002). In the 
present study a 'top-down' approach, as outlined in Figure 1-5, has been utilised. In 
addition to the selected variables outlined (e.g. gender, species, chemical, dose, season), 
'age' and 'reproductive stage' of the organisms could also be considered as hnportant 
variables especially whilst considering the susceptibility to environmental endocrine 
disrupting agents (IPCS 2002). However, as mformation regarding age (and 
reproductive status) is not easily assessable in the selected test species (i.e. Mytilus 
edulis, Hyas araneus and Strongylocenti'otus droebachiensis), these variables were not 
prioritised and taken into consideration in the present study. 
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Furthermore, identification of putative biomarkers has not been attempted within 
the frames of this project, due to lack of adequate instrumentations (e.g. tandem mass 




Protein Expression Signatures 
\ 
Specific to Specific to Specific to 
gender/species chemical'condition season time dose disease stage 
1 
3. Purify and 
identify key 
proteins 
4.Validate 5. Develop assay 
Figure 1-5. Simplified schematic representation of the workflow in a 'top-down' 'expression-proteomics' 
study. Samples are first separated using chromatography or electtophoreses (1), the resulting data are then 
processed using uni and multivariate statistics (2A), statistics may reveal putative biomarkers (protein 
expression signatures) specific to compound, gender, species, dose, time/season. When interesting 
proteins have been selected, they are purified using multidimensional chromatography and sequenced 
using tandem mass spectrometry (3). To obtain protein identifications, sequence data have to be matched 
to genome information in databases (2B). Validation (4) is important at all steps, and particularly before a 
commercial assay (5) is made based on the identified biomarkers. 
1.4.1 Protein separation/quantitation - the discovery phase 
There is no doubt that two-dhnensional gel electrophoresis (2DE) is the 
technique that is most widely used in global proteome analysis (Rabilloud 2002), thus 
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combined with MS (for protein identification) the current 'workhourse' of proteomics. 
(Gorg et al. 2004). Some of the many applications are reviewed by Barany et al. (1998), 
Guo et al. (2002), Bouchal and Kucera (2002), and Lau et al. (2003). Recently, 2DE-
proteomics have also been apphed, in ecotoxicology, to investigate effects of 
environmental pollutants on protein expression in fish and bivalve molluscs (e.g. 
Shepard and Bradley 2000; Bradley et al. 2002; Lopez et al. 2002; Shrader et al. 2003; 
Rodriguez-Ortega et al. 2003; Olsson 2004; Apraiz et al. 2006; Jonsson et al. 2006b; 
Amelina et al. 2007) and, more specifically, oxidative stress (Redox-proteomics) in 
bivalves (e.g. McDonagh et al. 2005; McDonagh and Sheehan 2007). 2DE technology 
(combined with MS) has also been appUed to investigate (microbial) pathogen-host 
relationships in crustaceans (e.g. Herbiniere et al. 2008). Furthermore, Kimmel and 
Bradley (2001) assessed specific protein responses in the calanoid copepod Ewytemora 
qffinis to salinity and temperature variation using 2DE. Roux et al. (2006; 2008) 
analysed xmfertilized and fertilized sea urchin (Strongylocentrotuspurpuratus) eggs to 
gain more insight into signalling pathways implicated in egg activation. 
The history of the 2DE technique goes back to Stegemann (1970). A modem 
version was described by O'FareU (1975) where denaturing conditions during sample 
preparation was introduced, to gain increased resolution in the analysis. The principles 
of the method are that proteins are separated by charge (pi) using isoelectric focusing 
(lEF) in the first dimension, followed by size (Mw) in the second dimension, using 
Sodium dodecyl sulphate-polyacrylamide gel electrophorese (SDS-PAGE) (Gorg et al. 
2004; O'Farrell 1975). Depending on the gel size and pH gradient used, 2DE can 
resolve more than 5000 proteins simultaneously (ca. 2000 proteins routmely) and detect 
and quantify < 1 ng of protein per spot (Gorg et al. 2004). Nevertheless, some of the 
limitations associated with the technology include poor representation of very 
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acidic/basic (i.e. below pH 3 and above pH 10), lipophilic, and low abundance proteins 
(e.g. Gorg et al. 2002). Adoption of thiourea to improve solubilisation of membrane 
proteins (Rabilloud 1998), implementation of prefractionation steps (e.g. Gorg et al. 
2002; Cho et al. 2005), use of overlapping narrow range strips (e.g. Moving et al. 2000), 
and development of broader range immobilized pH gradient (IPG) strips (Gorg et al. 
2000) have helped to improve some of the limitations of the 2DE technology. As 
evaluation and comparison of the complex 2D patterns from gels 'with the eye' is 
impossible, 2DE technology is used in combination with image analysis systems (e.g. 
Miura 2001). However, this can be a laborious procedure (Gorg et al. 2004), that are 
greatly shortened by the use of difference gel electrophoresis (DIGE), developed and 
described by Unlu et al. 1997). 
Although 2DE is as yet unchallenged in its ability to resolve and display 
thousands of protein (e.g. Gorg et al. 2004) challenges like, for example, difficulties 
with automation (and thus high throughput) have brought other 'gel-free' - high 
throughput alternatives for protein profiling analyses to the surface. One such 
alternative is the ProteinChip® array technology combined with surfaced-enhanced 
laser desorption/ionization time of flight mass spectrometry (SELDI TOF MS). The 
SELDI concept was first introduced by Hutchens and Yip (1993), and was later 
commercialised by Ciphergen Biosystems (Palo Alto, USA). The technology is 
distributed by Bio-Rad (www.Bio-Rad/protemchip/). ProtemChip® array technology 
includes a suite of analytical tools such as retentate chromatography, on-chip protein 
characterisation and multivariate analysis, which allows the user to examine patterns of 
protein expression and modification (Fung and Enderwick 2002; Tang et al. 2004). The 
principle of the technology is that sample fractionation is accomplished by retentate 
chromatography, while protein detection is accomplished using SELDI TOF MS (e.g. 
• 60 • 
Chapter 1. General Introduction A. Bj0rnstad 
Issaq et al. 2003). The chromatography is performed on protein arrays with varying 
chromatographic properties; for example, anion and cation exchange, metal affinity and 
reverse phase (Merchant and Weinberger 2000). These properties enable capture of 
different subsets of proteins according to their physio chemical properties (e.g. Fimg et 
al. 2000). By a combinational use of arrays with dilEferent surface chemistry, m parallel 
and in series, a complex mixture of protem, from ceUs or bodily fluid, can be resolved 
into subset of proteins with common properties (Fung and Enderwick 2002). SELDI 
TOF MS analysis of protein forms retained on the chip arrays generate mass spectra 
containing peaks with unique mass-to-charge ratio (M/Z) values, and since most of the 
peaks are single charged during the analysis, each peak usually correspond to a single 
peptide/protein with a molecular weight equivalent to the M/Z value (Poon 2007). 
The flexibility and versatility of the technology enables its use in a wide range of 
research areas, including oncology, toxicology, neurology, drug discovery and 
environmental monitoring (e.g. see list of SELDI applications at (www.Bio-
Rad/proteinchip/ - SELDI applications). Most of these applications are profiling for 
protem patterns (biomarkers) of disease, disease progression or remission, as well as 
biomarker(s) that predict the toxicity of certain compounds on different organs/species. 
However, other possible apphcations of the ProteinChip® array technology include 
mvestigations of transcription factors (e.g. Forde et al. 2002), receptor ligand 
interactions (Tassi et al. 2001), and protein-protein interactions/protem complexes (e.g. 
e.g. Shen et al. 2002; Favre-Kontula et al. 2008). These apphcations utilize protein chip 
arrays pre activated with bait molecules such as for example, enzjmies, antibodies or 
biotinylated DNA. Furthermore, SELDI technology has recently demonstrated its use in 
detecting phosphorylated proteins (e.g. Akashi et al. 2007). Compared to 2DE, 
applications of ProteinChip® array technology and SELDI TOF MS in ecotoxicology 
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are limited to a few studies investigating effect of anthropogenic compounds on .protem 
expressions in fish (Hogstrand et al. 2002; Larsen et al. 2007; Walker et al. 2007), 
bivalves (Knigge et al. 2004; Bjomstad et al. 2006; Monsinjon et al. 2006) and 
arthropods (Gomiero et al. 2006), to find new biomarkers indicative of endocrine 
disruption (e.g. Walker et al. 2007; Gomiero et al. 2006; Larsen et al. 2006). 
Furthermore, Provan et al. (2006) apphed SELDI TOF MS to investigate effects of 
density stress in farmed Atlantic salmon (Salmo salar), while Ward et al. (2006) utilised 
the technology to assess geographical origin and liver tumor status of flatfish {Limanda 
limandd). As with 2DE technology, there are certain advantages and diatvantages with 
this technology. The greatest advantage with ProteinChip® array" technology is its 
ability to rapid screen and generate proteomic patterns for hundreds of cmde samples 
(thus allowing large sample sets that can provide results robust against e.g. individual 
variation), from as little as one micro litre body fluid or as few as 25 - 50 cells 
(Paweletz et al. 2000, 2001). Furthermore, the technology can be used for the 
development of rapid, sensitive and high throughput assays. The latter can be done by 
immobilising antibodies to the specific biomarker (or set of biomarkers) on the protein 
array surface (e.g. Xiao et al. 2000; 2001). One of the major disadvantages with the 
technology is poor resolution for larger molecules, i.e. intact or modified proteins 
greater than 20 kDa (e.g. Kiehntopf et al. 2007). Furthermore, even a shght shift in the 
methodology/reagents has been reported to affect the results across experiments leading 
to poor intra-experiment reproducibility (e.g. Poon 2007). The latter can be addressed 
by improved study design. Moreover, the SELDI analysis itself does not provide a 
direct sequence based identification (there being many proteins with close to a given 
mass), and hence additional effort is needed to identify a potential biomarker and 
subsequent translate the measurements into a classical immunoassay format (e.g. 
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Kiehntopf et al. 2007). However, direct identification of peptides in the low-molecular 
range (< 3 kDa) is possible through the use of the ProtemChip tandem-MS interface 
(e.g. Caputo et al. 2003). 
Although not frequently applied (i.e. reported) in ecotoxicological studies, other 
examples of gel-free technologies in quantitative protein profiling are those based on 
metabohc or chemical labelling strategies, whereas isotope mass differences are used 
mainly for relative quantitation of protems in different samples. For example, in the 
isotope-coded afSnity tag (ICAT) peptide labelling method, originally described by 
Gygi et al. (1999), the desired mass difference between two samples was achieved by 
modification of cystein side chains with either a hght or a heavy-isotope labelled biotin 
tag. The isolated tagged peptides are fiirther separated and analysed by capillary high 
performance liquid chromatography (HPLC)-tandem MS (Gygi et al. 2000; Islam et al. 
2003). One of the greatest advantages of the ICAT strategy is its high throughput 
potential, with the ability to scan more than 1200 peptide pairs in an hour (Gygi et al. 
1999). Furthermore, the method is compatible with any amount of proteins from bodily 
fluids, cells or tissues under any growth conditions, and the success of the analysis is 
not compromised by the presence of salts, detergents and stabilisers in the samples 
(Gygi et al. 1999). Moreover, any type of sample fractionation is compatible with ICAT 
analysis, increasmg the chance of detecting alterations in low abundance proteins. 
Nevertheless, the technology fails to detect protein forms that contain no cysteines 
(imless ICAT reagents with specificities to groups other than thiols are synthesized), 
(Gygi et al. 2000). Additionally, the relatively large modification of the ICAT label (~ 
500 Da) remains on each peptide throughout MS analysis and can potentially 
complicate the database searching algorithms, especially for peptides containing less 
than seven amino acids (Gygi et al. 2000). The drawback of ICAT not being applicable 
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to cysteine-free proteins have been addressed in recent years by the development of 
alternative chemical labelling methods such as the isotope-coded protein label method 
(ICPL) described by Schmidt et al. (2005), and the isobaric tag for relative and absolute 
quantitation (iTRAQ) technology (Hunt et al. 2004; Ross et al. 2004). The latter 
technique has also been proven useful in (pre)validation of putative biomarkers 
discovered by 2DE (Gluckmann et al. 2007). The authors proposed iTRAQ as an 
alternative, more rehable, method to real time PCR for verification of protein markers, 
because of the poor correlation between mRNA and protein expression. Incorporation 
of stable isotopes (e.g. Kolkman et al. 2005) or stable isotope-encoded amino acids (e.g 
Ong et al. 2003) into protems during growth of organisms are other available 
approaches; however, metabohc labelling approaches are best applicable to ceU cultures 
under defined conditions (Beynon et al. 2005). 
As with the combined use of 'omics' technologies, it would also be beneficial to 
use several proteomics technologies simultaneously as there currently is no single 
technology available capable of resolving and displaymg the complex mixture of 
proteins in a cell or tissue (e.g. Issaq 2001; Patterson 2004; Boschetti 2007). 
1.4.2 Datamining/bioinformatics 
One of the greatest chaUenges in expression proteomics is datamining (e.g. 
Biron et al. 2006). Statistically evaluation of data and interpretation of results requke 
distinct bioinformatics expertise (e.g. Lay et al. 2006). The term bioinformatics 
incorporates the apphcation of computer science and informatics to molecular biology, 
and will, in addition to statistical evaluation of expression-data, help to map amino acid 
sequences to databases for protein identification, create models for molecular 
interactions, evaluate structural compatibility (Debes and Urrutia 2004). The (mis)use 
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of statistics for interpretation of proteomic data has caused much debate due to the high 
frequency of overfittmg of data and thus false discoveries (e.g. Baggerly et al. 2004; 
Lay et al. 2006). Nevertheless, bioinformatics coupled with biological knowledge is the 
only way to draw meaningftil conclusions from the huge amount of data generated from 
(protein) expression analysis, emphasising the importance of statistical and 
mathematical skiUs, as well as appropriate study design (e.g. with an adequate number 
of rephcates). 
1.4.3 Protein purification and identification 
There are several 'routes' to protein identity depending on the technology 
platform used in the 'discovery-phase', as well as characteristics of protein to be 
purified and identified. For example, if the putative protein biomarkers were discovered 
by 2DE, common procedure would be to excise the interestmg protein spot from the gel 
either manually or automatically by a robot, and thereafter prototypically cleave the 
protein using enzymes of known specificity (e.g. trypsin). During the process, peptides 
are formed, and thereafter extracted, for subsequent analysis with (tandem) mass 
spectrometry (e.g. Westermeister and Naven 2002). There are multiple choices of 
tandem MS technologies (e.g. reviewed by Gygi and Aebersold 2000) and the choice of 
technology should ideally reflect the properties of the protein to be identified, however 
in most cases it is restricted to what is available in the lab. If the interesting proteins 
were discovered by ProteinChip® array technology, however, a more comprehensive 
protein purification procedure would.be required prior to tandem MS analysis. There are 
several options for protein purification (includmg commercially available purification 
kits), however, one alternative is the use of multidimensional (e.g. ion exchange 
followed by reverse phase) chromatography until the sample has been purified to a 
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satisfactory level of homogeneity. Purified samples are then digested with a site-specific 
protease such as trypsin, and the products of the digest analysed by tandem MS (e.g. 
Gaputo et al. 2003; Diamond et al. 2003; Walker et al. 2006). For organisms where 
there is hmited or no genetic information, it is essential to identify exact, sequence of 
amino acids that make up a protein m order to match to previously characterised 
proteins or genes. Some of the relevant database searching programs is Sequest, 
MASCOT, PeptideSearch, and PROWL (Gygi and Aebersold 2000). Once a rehable 
match is found m one of the databases, the sequence can be used to identify the protein 
and predict its foil sequence. 
1.4,4 Promises of a proteomic approach in ecotoxicology 
The greatest utility for proteomics m the field of ecotoxicology is to bridge the 
limitations imposed by either exposure or effects assessment (by traditional methods), 
by potentially identifying the mechanisms of action of a contaminant on an organism, 
and thus help in predictmg the overall toxico logical effect that contaminant exposure 
may have on host physiology (e.g. Aardema and MacGregor 2002). Improved 
knowledge regarding cellular control and defence mechanisms wiU allow a more robust 
extrapolation between model species and target species (MacGregor 2003), and reduce 
uncertainties involved in predictmg threshold levels of various types of toxicity (and 
thus a better understanding of dose-response relationships). Furthermore, it has long 
been acknowledged that smgle-endpoint analyses or chemical monitoring alone is not 
adequate to address biological questions (e.g. Galloway et al. 2006; Dagnino et al. 
2007). For example, Futreal et al. (2004) reported that more than 1 % of all genes are 
causally involved in oncogenesis. It is likely that any toxic response involves changes 
not only in a single gene but rather a cascade of gene interactions (e.g. Nuwaysir et al. 
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1999). Thus, proteoraics provide a relatively high throughput (depending on choice of 
technology) approach for screening of multiple endpoints. 
1.5 Study organisms 
Representatives jfrom three invertebrate phyla were selected for this study: the 
blue mussel Mytilus edulis, a spider crab, Hyas araneus, and the green sea urchin 
Strongylocentrotus droebachiensis (Figure 1-6). 
Marine invertebrates comprise more than 95% of the faunal species in the oceans and, 
therefore, play a vital role in the functioning of marine ecosystems (DeFur 1999). 
Many invertebrates are also economically important as a food resource, directly or as 
part of the food cham (e.g. Saavedra and Bachere 2006). Thus, the efforts to understand 
the diverse biology of invertebrates come from many directions, including Nobel Prize 
wiimmg developmental biology, research to control insects that threaten human health 
and food supphes, aquaculture opportunities and ecotoxicology (Hutchinson 2007). 
The blue mussel was chosen as the 'main' focus of this study, because it has been an 
estabhshed bioindicator species for global environmental monitoring programmes (e.g. 
Mussel Watch; Goldberg 1975) for more than 30 years. Its biology and physiology is 
weU documented (Gosling 1992). It is a sessile organism that filters food and other 
particles from surrounding water, thereby, making it susceptible to accumulation of 
environmental pollutants. Crabs and sea urchins were included to provide information 
on the comparability of vulnerability of species and phyla with different feeding modes 
(i.e. grazing and omnivore). 
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Species: hfyHliis edulis 
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Figure 1-6. Selected study organisms: (A) the blue mussel (Mytilus edulis), (B) a spider crab (Hyas 
araneus), and (C) the green sea urchin (Strongylocentrotus droebachiensis). Pictures courtesy of KSre 
Tehies (i.e. Picture B and C). 
Furthermore, crustaceans are a particular focus of endocrine disruption research, 
reflecting their abundance m nature, commercial importance and their inclusions in the 
regulatory assessment schemes for active pharmaceutical ingredients (DeFur et al. 
1999). An additional advantage with crustaceans is that their endocrinology is more 
• 68 • 

Chapter 1. General Introduction A. Bj0rnstad 
extensively described than for many other invertebrate phyla (e.g. LeBlanc 2007), 
making interpretation of proteomic data and potential endocrine effects easier. 
There are many relevant aspects which prove echinoderms to be good candidates 
as usefiil test species in ecotoxicology. For example, from a proteomic point of view, 
the genome of the sea urchin Strongylocentrotus purpuratos has been sequenced (e.g. 
Sodergren 2006) increasing the chance of linkmg potential protein biomarkers fouiid in 
this study (for Strongylocentrotus droebachiensis) to genome information, improving 
understanding of the fimction and relevance of the biomarker(s). Furthermore, 
echinoderms are deuterostomes, the same evolutionary lineage as vertebrates, making a 
possible link between invertebrates and vertebrates with regard to response patterns 
(DeFur et al. 1999). In addition, many echinoderms are second or third level predators, 
and therefore susceptible to biomagnification processes (Sugni et al. 2007). 
1.5.1 Mytilus edulis 
Mytilus edulis is widespread in European waters from beyond the polar circle to 
the Mediterraneans ea and is found, typically, on rocky coasts from the upper shore 
down mto the shallow sublittoral. The species normally occurs in dense beds of one or 
more layers, with individuals boimd together by their byssus threads. Shell colour 
varies from deep blue to purple and is sometimes greenish/brown (Figure 1-5-1 A). Size 
(and shell shape) varies with environmental conditions (e.g. temperature, salinity, food 
availability, tidal exposure, parasitism) as well as genotype. Usually, individuals range 
from 5 - 10 cm shell length, although some may reach 15-20 cm. They filter feed on 
algae, detritus and organic material. Because they filter out other contaminants in the 
process (with 80 - 100% efficiency), they are likely to serve as a vector for any water-
bom disease or pollutant. Breeding occurs in spring and early sununer, although certain 
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populations of M. edulis exhibit some spawning aU year round (information obtained 
from Goslmg 1992). 
1.5.2 Hyas araneus 
Hyas araneus is a temperate species of spider crab with a geographical 
distribution from Northern Spain to Svalbard; crabs occur at depths between 10 to 1200 
meters on various type of bottom. 
They are yellow-brown with a pear-shaped carapace, up to 10 cm long and 8 cm wide 
(see Figure 1-5-lB). At the anterior end of the carapace, the rostrum projects between 
the eyes and is split into 2 tapering parts that touch at their tips. The first pair of 
abdommal limbs, or pleopods, bear pincers and are shorter and stouter than pairs 2-5, 
which are long, slender and spider like. The carapace has a few large tubercles and may 
be covered with encrusting invertebrates. Eggs are incubated in winter, larvae occur in 
the plankton from May (zoea) to September Qnegalopa), although breeding may change 
due to latitude. (Sources of information: 
http://www.marlm.ac.uk/species/Hyasaraneus.htm: 
http://www.seawater.no/fauna/Leddyr/sandpyntekrabbe.htm.) 
1.5.3 Strongylocentrotus droebachiensis 
Strongylocentrotus droebachiensis is distributed widely in northern waters in 
both sheltered and exposed kelp beds and rocky areas; in the Atlantic Ocean, 
individuals occur in the low intertidal zone down to 1200 meters. Usually, this urchm is 
green with reddish/brown tones (see Figure 1.5.1 C). The tube feet (podia) are 
generally darker than the spines and are usually purple. They are radially symmetrical 
with a test (i.e. the skeleton) diameter of around 8.5 cm; spines reaching around 2.5 cm 
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in length. They feed on large algae such as bull kelp, green algae, and lammarians, but 
will.also consume a wide variety of organisms including mussels, sand dollars, 
barnacles, whelks, periwmkles, sponges, bryozoans, and dead fish. Reproduction 
occurs on an annual cycle with spawning occurring in the spring; generally between 
February and May, but sometimes as late as June (sources of information: 
http://www.marlin.ac.uk/species/strongylocentrotusdroebachiensis.htm: 
http://www.racero cks. com/racero ck/eco/taxalab/ensy02/aldo chtm). 
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1.6 Aim of the study 
The aun of this thesis was to evaluate the potential for proteomics in 
ecotoxicology and environmental risk assessment. The hypothesis was that proteomics 
technologies (i.e. ProteinChip technology in combination with mass spectrometry) 
could be a usefiil supplement to existing methods, by providing a sensitive, non­
invasive, rapid multi-endpoint assessment of effects of anthropogenic chemicals on 
organisms in vivo. To test this hypothesis, three controlled laboratory experiments 
(Chapters 3, 4 and 5) and one field validation study (Chapter 6) were undertaken, using 
invertebrates as 'model-organisms' and potential EDCs as 'case-study'. Each of the 
experiments addressed one or several of the concerns and research gaps described in 
recent EDC literature: 
1. The first laboratory study mvestigated mixture effects (Chapter 3). 
2. The second study assessed species and gender differences/similarities in 
response to EDCs (Chapter 4). 
3. In the third laboratory study, dose-response relationships at low doses were (in 
two species) addressed (Chapter 5). 
4. The field validation study assessed dose/site-response relationship in a 
contaminated fieldgradient, as well as gender-specific responses. Furthermore, 
the results were compared to seasonal variation ia reference organisms (Chapter 
6). 
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Chapter 2 
Material and methods 
Mass/Charge 
"Currently, with the combination of systems biology and comparative genomics, the 
possibilities are beyond imagination. As more new omics levels and dimensions of data 
are examined, biological scientists will better understand and model the miraculous 
intricacies of life. " 
- Jimmy Lin & Jiang Qian 2007 
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2.1 Method development - proteomics 
The completion of the Human Genome Project (Venter et al. 2001), and the 
subsequent "omics revolution" in biological research, has stunulated dramatic 
technological advances to meet present and upcommg challenges within life sciences. 
For proteomic research, a number of complementary technologies have been developed 
attempting to separate, identify and characterise a global set of proteins in an effort to 
provide mformation about protein abundance, location, modification and protein-protein 
interactions in a proteome of a given biological system. The present study utilised 
SELDI TOF MS and ProtemChip® array technology (Ciphergen Biosystems/Bio-Rad) 
to evaluate the potential for proteomics in ecotoxicology. The choice of this system was 
based on its simplicity of experimental procedures and its high-throughput nature, 
allowing use of large sample sets with the added advantages of robust statistical 
mterpretation of results and evaluation of individual variability. Furthermore, the 
technology operates with very small sample volumes, being sensitive at the femtomole 
level or less (Merchant and Weinberger 2000). In addition, the procedure has features 
that are complementary to 2DE analysis but, unlike 2DE, the technology enables 
profiling of proteins regardless of their intrinsic hydrophobicity, and is very sensitive in 
detecting proteins m the lower molecular weight range (< 20 kDa). The flexibility and 
versatility of the SELDI TOF MS and ProteinChip® array technology enables its use in 
a wide range of research areas, however, the majority of applications, to date, have been 
within medicine, drug discovery and toxicology. The challenge of this study was to 
develop suitable and reproducible protocols to measure protein expression in marine 
invertebrate plasma samples. Plasma was chosen because of the ability for non-invasive 
sampling. Using the manufacturer's recommendations for human samples as a startuig 
point, numerous variables (hicludmg study design, sample preparation, MS analysis. 
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data pre and post processing) were tested to optimise proteomic analysis of plasma 
samples irom mussels, crabs and sea urchins. 
2.1.1 Study design and sampling 
Study design has great influence on proteomic analyses and can, potentially, 
give rise to significant pre-analytical variability. For example in sampling, care must be 
taken to avoid pre-analytical variability (that refers to any experimental variability 
introduced into the analysis prior to the actual assay). Even slight variations in sample 
collection procedure, such as blood sampling, time before ireezing and centrifiigation 
speed, can potentially generate inconsistent resuhs. In the present study, sample 
procedures were consistent through all laboratory and field experiments, including first 
measurements of size and blood (haemolymph) sampling. Haemolymph was withdrawn 
by needle aspiration (Figure 2-1) from individual organisms (needles and syringes were 
changed for each individual) and immediately centrifuged for 10 min at 3000 g and 4°C. 
Figure 2-1. Body fluid sampling: the red rings indicate where haemolymph (mussels and crabs) and 
coelomic fluid (sea urchins) was collected; (A) haemolymph from Mytilus edulis was collected from the 
posterior adductor muscle. (B) haemolymph from Hyas araneus was collected from the arthrodial 
membrane at the base of the 4"" pair of walking legs, (C) samples of coelomic fluid from 
Strongylocentrotus droebachiensis were collected by inserting the syringe through the peristomial 
membrane. 
The supernatant (plasma) was harvested, a protease inhibitor cocktail (P2714 - Sigma-
Aldrich) was added, and the sample was snap frozen in liquid nitrogen and stored at -
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80°C until analysed. Robust stratification of samples into the appropriate classes is 
important, since data analyses were based on the class to which a sample was assigned. 
As treatment groups are given by the exposure or sampling locations, the most essential 
action for the present study was to correctly sub-group control and treatment groups into 
males and females, for evaluation of gender-specific responses. While crabs have 
external secondary sexual characteristics, mussels and sea urchins have no external 
sexual dimorphism. To determine gender, a gonad smear from each mussel and sea 
xirchin was taken and exammed under a light microscope. Furthermore, all descriptive 
information (including abnormalities or any prior sample treatment) associated with a 
given sample was noted. A minimum of 30 individual samples were collected for each 
exposure group. When possible, samples from 30 males and 30 females were collected 
from each group. The sample group size was decided following discussions with 
statisticians (from Ciphergen Biosystems). To avoid 'overfitting' of data when using 
multivariate statistical programmes such as e.g. Biomarker Pattern™ Software 
(Ciphergen Biosystems) it was suggested to use sample sets of minimum 30 samples per 
group. Thus, in order to have at least 30 males and 30 females for each treatment group 
60-70 organisms per treatment groups were collected when possible. 
2.1.2 Sample preparations with ProteinChip array technology 
As with any other proteomic analysis (e.g. Issaq 2001) only a subset of the 
protein forms present in the original sample was detected and examined. The protein 
subset in the final analysis is dependent on a multitude of factors includmg chip type(s), 
sample quality, sample dilutions, incubation, wash conditions, type of matrbc used and 
method of application (Figure 2-2). 
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Figure 2-2. The three phases of separation used for profiling complex biological mixtures such as cell 
lysate or biofluids. The first phase is surface-type (e.g. Reverse phase, ion exchange etc.), the second is 
wash stringency (pH, salt, detergent modulation etc.), and the final phase is the mass spectrometry 
analysis. For each chip surface and wash condition, a different protein fingerprint is achieved that can be 
used to look for differential protein analysis of control and test samples. Figure courtesy of Ciphergen 
Biosystems/Bio-Rad. 
Additionally, settings on the SELDI mass spectrometer (e.g. laser intensity and detector 
sensitivity) can affect the final subset of proteins examined in the analysis. The aim, 
therefore, was to identify the best experimental method for proteomic profiling of 
invertebrate-plasma samples, based on the assessment of the quality and reproducibility 
of different combinations of factors mentioned above. Smce the aun was not to capture 
any specific peptide/protein, the experimental protocols were optimised to capture as 
many protein species as possible to maximise the probability of finding statistically 
significant biomarker candidates for effects of EDCs on mussels, crabs and sea urchins. 
Factors addressed in sample preparation are listed in Table 2-1 and are discussed in 
subsequent sections. 
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Table 2-1. Factors addressed in optimisation of sample preparation. 
ID Factor Description 
A ProteinChip type Ion exchange, metal affinity, reverse phase. 
B Sample dilution A dilution series including 4 dilutions depending on the total 
protem concentration of samples from each species. 
C Binding conditions Type of buffer (pH & ionic strength, detergent). 
D Sample incubation Incubation volume, time and temperature. Direct "on chip" 
versus bioprocessor. 
E Wash conditions Type of buffer (pH & ionic sfrength, detergent), nuniber and 
length of washes. 
F Air drying of chip arrays Post washing/pre-mafrix: time between last wash and addition of 
mafrix. 
G Matrix type Sinapinic acid (SPA), alpha-cyano-4-hydroxy cinnamic acid 
(CHCA), energy absorbing molecule (EAM-1). 
H Matrix application Number and vohime of matrk depositions. 
A. ProteinChip arrays 
Prior to ProteinChip analysis, no pre-preparation of samples (e.g. fractionation, 
denaturation, removal of prominent proteins) was done. Various ProtemChip arrays 
(from Ciphergen Biosystems/Bio-Rad Laboratories) were tested to find the optimal 
arrays for the analysis of invertebrate body fluids. The prmciple of protein array 
surfaces is to selectively retain a specific subset of proteins, aUowing others to be 
washed away to reduce sample complexity. ProteinChip arrays are aluminium strips 
(10-mm X 80-mm long) with 8 2-mm spots (allowmg 8 samples or replicates to be 
analysed per array) that incorporate the frill range of surface properties (Figure 2-3), 
I 
extending from classical chromatographic separation media (e.g. ion exchange, reverse 
phase and immobihsed metal affinity capture) to more specific bio-molecular affinity 
probes (e.g. antibodies, receptors, enzymes, and ligands). While the latter is used in 
protem interaction studies, the present study focused on the first category of chip arrays 
(i.e. with chemically-treated surfaces) for protem expression profiling and biomarkers 
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3. IMAC30: immobilized metal affmity to capture molecules that bind divalent 
cationic metals such as Ni, Cu and Zn (e.g. histidin tagged proteins, 
phosphorylated proteins and metal binding proteins). Active spots contain 
nitrilotriacetic acid (NTA) groups on the surface that chelate the metal ions. 
Proteins applied to the surface may bind to the chelated metal ions through 
histidine, tryptophan, cysteine, and phosporylated amino acids. 
4. H4/H50: to capture molecules through reverse phase or hydrophobic 
interactions. The active spots contain metylene chains that closely mimic the 
characteristics of C6 to CI2 alkyl chromatographic sorbent. 
Array chemistry Hydophcttc 
(A)SAXyQia (B)WCX/CM1D (C) IMAC-30 (D) H4 
Figure 2-4. Interaction cliemistries for selected ProteinChip® arrays: (A) strong anion exchange array 
(SAX/QIO). (B) weak cation exchange array (WCX/CMIO), (C) Metal affinity array (IMAC-30), and (D) 
Reverse phase/hydrophobe interactions array (H4). Figure courtesy of Ciphergen Biosystems/Bio-Rad. 
From each species, pooled male and female samples were tested on selected arrays. 
Results revealed that each surface retained a imique set of proteins, aUhough some 
protein features were retained by several surfaces. When samples from sea urchins, 
mussels and crabs were profiled on the same array type and with identical buffer 
conditions, each revealed unique (species-specific) protein profiles. Profiles from 
mussels and sea urchins, however, had more peaks in common than spider crabs (Figure 
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2-5). Although each species showed significant individual variation, it was possible to 
determine the species origin of the sample from the partial protein profile. 
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Figure 2-5. Species-specific (partial) protein profiles. Analyses of plasma fi'om 3 individuals of (A) blue 
mussels, (B) sea urchins, and (C) spider crabs showing unique species-specific MS traces when captured 
on the same chip surface (with equal buffer conditions); (D) shows an 'overlay' of the three species to 
elucidate similarities and differences of the species. In addition, individual variation can be seen in (A), 
(B) and (C). 
B. Sample dilution 
Correct sample dilution was achieved by balancing several factors. For example, 
the sample must not be diluted such that the proteins will not bmd to the surface. 
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However, if the sample is too concentrated, the more abundant proteins will saturate the 
surface, preventing less abundant proteins (that are potential biomarkers) from being 
detected. Manufacturer's recommendation is 0.05- 2 mg/ml total protein per spot. 
Dilution series experiments were conducted with samples from each species (e.g. Figure 
2-6). 








M / Z (Da) 
73D00 
Figure 2-6. Example of sample dilution (i.e. 1:5, 1:10, 1:50, 1:100) of sea urchin plasma on weak cation 
exchange arrays ( and sodium acetate buffer pH 4.5). The figure shows an "overlay" of MS traces for 
each dilution. Black = 1:5, red =1:10, blue = 1:50, and green = 1:100. 
Results shown in Figure 2-6 indicate that many molecules bind in a dose-dependent 
manner up to a dilution of 1:10 (see arrows). At 1:5 dilution, the peak intensity is 
decreasing again, and some protein features are lost compared to 1:10 dilution. 
Four dilutions, within the recommended protein range, were tested to find the dilution 
that resulted in the best MS trace, with respect to number and quality of detected peaks 
(Table 2-2). The total protein concentrations of the samples were determined by a 
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procedure based on the Bradford method (Bradford, 1976). Samples were diluted and 
pipetted ontomicroplates in 4 replicates. A dilution series of 8 standards was made from 
a 5 % Bovine Serum Albumin (BSA) solution, and all standards were run in 3 
rephcates, on each microplate analysed. A 1:5 solution of Bradford reagents (Bio-Rad 
Laboratories) in distilled water was prepared shortly before use and added to each well. 
After 5 min reaction tune, the absorbance at 595 nm was measured (LabsystemSj 
Multiscan RC) (Table 2-2). 
Table 2-2. Optimal sample dilution for blue mussels, sea urchin and spider crabs respectively. 




Best dilution Corresponding 
protein c added 
per spot 
Mussels 2.5 ±0.6 1:5, 1:10,1:50, 
1:100 
1:10 ==0.25 mg/ml 
Crabs 51 ±9.0 1:20, 1:50, 1:200, 
1:500 
1:50 «l,02mg/ml 
Sea urchins 2.1 ±0.7 1:5,1:10,1:50, 
1:100 
1:10 =0.21 mg/ml 
Note, c = concentration. 
Results from Table 2-2 show that the best protein profiles (i.e. in terms of number of 
peaks) were obtained with a 1:10 dilution of sea •urchin and mussel plasma, while a 1:50 
dilution was best for crabs. The explanation for the 4 times higher protein concentration 
required to obtain good-quahty MS traces for crabs compared to mussels and sea 
urchins have not been investigated, however, it could be due to different levels of 
abundant plasma proteins, such as e.g. hemocyanin (i.e. a copper-containing protein 
with an oxygen-carrying fiinction similar to that of hemoglobin, present in the blood of 
certain molluscs and arthropods), in the selected species. 
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C. Buffer conditions for sample binding 
Several factors were addressed to find buffer conditions for optimal binding of 
samples to the chip surfaces. For example, the operating mechanism of ionic exchange 
arrays is the reversible binding of charged molecules to the surface, and the property of 
a peptide/protein that govern its binding is its net surface charge. Since surface charge 
is the result of weak acidic and basic amino acids within the protein, binding of the 
protem to the array is highly pH dependent. In addition, the ionic strength of the buffer, 
or the total salt concentration, is important in defining surface- binding selectivity. By 
increasing the ionic strength, competition is generated between the charged protein on 
the surface and the buffer ions, causing weakly- bound proteins to elute from the array, 
surface (i.e. more specificity). The optimal salt concentration will, therefore, be a matter 
of the degree of non-specific binding that can be tolerated. The various combinations of 
binding buffers tested are hsted in Table 2-3. 
Table 2-3. Buffer conditions tested: NaAc (sodium acetate); PBS (phosphate-buffered saline); TFA 
(trifluoracetic acid); A C N (acetonitrile); NaCl (sodium chloride), Cu (Copper), HCl (hydro chloride). 
Array Surface Buffers 
properties tested 
pH Ionic Detergent 
strength i.e. 0.05% 
(mM) Triton X-100 
CMIO/WCX Cation exchange NaAc 3.5,4.5,5.5, 10,50, and yes/no 
6.5 100 
QIO/SAX Anion exchange Tris-HCl 6.5,7.5,8.5 10,50, and yes/no 
100 
Hepes 6.0, 7.0, 8.0 
IMAC-30(Cu) Metal aflBnity PBS 7.2 50 and 100 yes/no 
+ NaCl 100 and 500 
H4-H50 Hydrophobic (10%, 20%, 
interaction or 30 %) A C N 
+ 0.1% TFA 
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The buffer conditions found to bind invertebrate plasma most efficiently (i.e. that gave 
protein profiles with the highest number of resolved peaks) for the various array types 
are shown in Table 2-4. 
Table 2-4. Selected binding buffers for the various ProteinChip arrays. 
Array Binding buffer 
CMIO/WCX - 50 mM NaAc, pH 4.5 + 0.05 % Triton X-100 
QIO/SAX - 50 mM Tris-HCl, pH 8.5 + 0.05 % Triton X-100 
IMAC-30(Cu) - 50 mM PBS, pH 7.2 + 0.5M NaCl + 0.05% Triton X-100 
H4-H50 - 10% Acetoneitrile + 0.1% TFA 
Due to the large number of samples analysed in this study, it was decided to select only 
one array type. To choose the best array for all species, 2 pooled plasma samples (i.e. 
fi:om males and females, respectively) fi-om each species were analysed in 3 rephcates 
on the arrays/buffer conditions hsted in Table 2-4. Detected peaks with a signal to noise 
greater than or equal to 5 (i.e. this choice was based on recommendations provided by 
Ciphergen Biosystems), present within the mass range of 1500 to 200000 Da, were 
counted and compared for each array type (Figure 2-7). For each species, ProtemChip 
arrays coated with carboxylate groups, providing weak cation exchange (WCX) 
properties in combination with a binding buffer containing 50 mM Sodium Acetate 
(NaAc) and 0.05% Triton X-100 at pH 4.5, were found to bind plasma proteins most 
efficiently, therefore, this combination was chosen for all experiments in this study. 
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Sea urchins 
S*J< IM*C-Cu 
Figure 2-7. Average number of pealcs (± SD) detected on WCX, SAX, IMAC-Cu and H50-RP arrays 
(with a signal to noise greater than or equal to 5, present within the mass range of 1500 to 2000(X) Da) for 
sea urchin plasma, mussel plasma and spider crab plasma, when analysed with optimal buffer conditions. 
The arrows indicate the best chip surface for each species (i.e. WCX). 
D. Sample incubation 
Sample processing and incubation can be conducted either by dhect 'on-spot', or 
using Bioprocessors (Figure 2-8), each holding 12 arrays, and hence allowmg 96 
samples to be processed in parallel. The bioprocessors form separate wells above each 
spot on the arrays, enabling loading of volumes of up to 500 pi per well. Although some 
tests were nm 'direct on-spot', it was decided to use the bioprocessor method 
throughout the study due to the large number of samples in the different experiments, as 
well as the increased reproducibility and sensitivity due to application of greater sample 
volumes. 
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Figure 2-8. (A) Sample processing using the "direct on-spot" method of a ProtenGiip array; (B) a 96-
well Bioprocessor from Bio-Rad loaded with 12 protein arrays. Figure courtesy of Ciphergen/Bio-Rad. 
Other factors associated with sample incubation that were tested included the volume of 
diluted sample per spot/well, the incubation time and the influence of temperature 
(Table 2-5). The number of peaks and peak intensity is influenced by the amount of 
time that the sample is left to interact with and bind to the array surface. Allowing the 
binding interaction to reach equilibrium, improved reproducibility as it minimised 
differences in peak number and intensities amongst replicates. Best reproducibility was 
observed with 60 min incubation at room temperature and with incubation overnight at 
4°C (Table 2-5). Furthermore, sample incubation volumes of 100 and 150 pl/spot 
showed (equally) better spectral reproducibility and quality than the 50pl/spot. The 
combmation used for this study was therefore: overnight mcubation at 4^0 and 100 
pl/spot for all sample types. 
Table 2-5. Test of optimal sample incubation volume, incubation time and temperature. 
Factors Test Choice for this study 
Sample incubation volume 
Incubation time and 
temperature 
- 50, 100, or 150 (nl per spot) 
- 30, 60, or 120 min at room temperature 
- 16 hours (over night) at 4°C 
- 100 nl per spot 
- over night at 4 °C 
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E. Wash conditions 
After incubation, unbound proteins and other contaminants were washed off the 
surface of the ProtemChip array using buffers and other wash solutions as required by 
the array chemistry. Only proteins interacting with the chemistry of the array surface 
were retained for analysis. Following manufactures recommendations, the same buffers 
used for binding (see Table 2-4) were used for stringency washing, but wash buffers 
were without detergent_(i.e. Triton X-100). The following wash procedure was used 
throughout this study: arrays were washed 3 tunes for 10 min with 50 mM NaAc pH 
4.5 and rinsed quickly with ultra pure water twice to remove weakly-bound proteins. 
F, G & H. Energy absorbing molecule (matrix) 
After stringency washing, protem arrays were removed from the bioprocessor 
and air dried before apphcation of matrix/energy absorbing molecules (EAMs). EAMS 
are essential to facilitate desorption and ionization of the sample in the ProteinChip 
reader (SELDI TOF MS). Apphcation of the matrix causes the proteins on the chip 
surface to solubilise and co-crystallise with the matrix as the solution dries. These 
crystals absorb the energy from the laser and generate the ionised protein forms that are 
detected by the mass spectrometer. Several factors are likely to affect the fional 
proteomic output trace, including type of matrix, age of matrix, age of organic solvents 
(i.e. acetonitrile-ACN and trifluoracetic acid-TFA), application volume, number of 
depositions, and the time over which the chip was allowed to dry before addition of 
matrbc. A hst of factors mvestigated (and results) in this study is shown m Table 2-6. 
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Table 2-6. List effectors investigated with regard to matrix application. 
Factors Test Choice for this study 
Matrix type Sinapinic acid (SPA), alpha-cyano-4- -SPA 
hydroxy ciimamic acid (CHCA), energy 
absorbing molecule (EAM-1). 
Volume 0.5, 0.6, 1.0 nl/spot 0.6/1.0 ^ 1/spot* 
Nxunber of depositions 1,2 2 
Time for airdrying of arrays 10, 15 ,30,60,120 min 15 min 
* In the middle of the PhD study, manufacUirer produced a new improved generation of protein arrays, with the same 
surface properties as the old ones e.g. WCX CMIO, however, while 0.6 [il/spot was sufficient for the WCX chips, 
the new CMIO chips allowed 1.0 nl/spot. 
SPA and CHCA are recommended (by Ciphergen Biosystems/ Bio-Rad) for analysis of 
peptides and small molecules, while EAM-1 is best for glycoproteins. Results from the 
optimisation experunents revealed that SPA and CHCA gave equally good traces in the 
low mass region (i.e. 1500 -10 000 Da); however, SPA also gave good traces in the 
mass region 10 000 - 200 000 Da contrary to CHCA. EAM-1 did not work at all for 
invertebrate plasma samples. The reproducibility and peak intensity was improved by 2 
depositions of matrix compared to only one. Regarding tune for air drying of protem 
arrays prior to matrix application, only 60 and 120 min gave significantly reduced 
spectral quality. Based on the results from this method development study, a sample 
preparation protocol for use throughout this study was established (see Table 2-7): 
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Table 2-7. Final sample preparation protocol. 
Steps/materials Description 
Protein array 
- Weak cation exchange - WCX (old version) /CMIO (new version) 
Binding buffer 




- SPA (Ciphergen/BioRad), resolved in 50% (v/v) ACN/ 0.1% (v/v) TFA 
Protein standards for mass - Standard Proteins from Calibrant Kit, Protein MW Standards; 
calibration Ciphergen/Bio-Rad Part ClOO-0001) - see Table 2-8 for content and 
preparation of calibration solutions 
1. Array pre-treatment 
- Spots were pre-activated with 100 \iL of 10 mM HCl for 5 minutes, rinsed 
quickly with ultta pure water (3 x 100 |il), and incubated with 100 |al of 
binding buffer for 5 minutes. 
2. Sample dilution -1 :10 (mussels and sea urchins) or 1: 50 (crabs) in binding buffer 
3. Sample incubation 
- 100 lil per spot overnight at4°C with vigorous agitation. 
4. Post-binding stringency 
- 3 x 1 0 min (200 (il/spot) with wash buffer, followed by quick rinsing with 
washing ulfra pure water twice (200 pl/spot). 
5. Air drying of arrays * - 15 min 
6. Matrix application 
- 2 X 0.6/1.0 |j1 per spot for WCX/CMIO arrays respectively, allowing the 
applied solution to dry (15 min) between applications. 
7. Preparation of mass 
- 15 jiL of the saturated SPA solution is added to a 5.0 (xl aliquot of the 
standards protein standards and mixed. 
8. Application of mass 
- 2 X 0.6/1.0 pi per spot for WCX/CMIO arrays respectively, allowing the 
standards appUed solution to dry (15 min) between applications. 
Mass standards were applied in 3 replicates, to dry spots, that have not been 
preactivated or washed with buffer. 
*Note: It is important to ensure that the spots are dry before adding matrix. 
Al l buffer solutions were freshly made for each new experiment, while new matrix 
solutions were prepared every second day. The 1% TFA solution, used for preparation 
of the matrix, was changed every week. Additionally, protein standards for mass 
calibration of SELDI spectra were included in all analyses. The protem standards were 
prepared according to the package instructions and then mixed together in the volumes 
listed m Table 2-8. 
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Table 2-8. Protein standards and volumes used for calibration of mass spectra. 
Standard Mass Concentration Volume Final 
Da pmcl/pil • \il Concentration 
pmol/pl 
Low molecular weight mass standards 
Dynorphin A (209-225), 2147.5 10 5 0.29 
porcine 
ACTH (1-24), human 2933.5 10 10 0.57 
Beta-endorphin (61-91), 
human 
3465.0 10 5 0.29 
Insulin bovine 5733.6 10 5 0.29 
Ubiquitm 8564.8 10 30 1.71 
Cytochrome C, bovine 12230.9 10 40 2.29 
Bovine P-Lactoglobulin A 18363.3 10 80 4.57 
High molecular weight mass standards 
Insulin bovine 5733.6 10 15 0.54 
Ubiquitin 8564.8 10 22.5 0.81 
Cytochrome C bovine 12230.9 10 30 1.08 
Bovine P-Lactoglobulin A 18363.3 10 60 2.16 
Horseradish Peroxidase 43240.0 20 30 2.16 
Serum Albmnin bovine 66433.0 20 90 6.49 
IgG, bovme 147 300 50 30 5.41 
The final solution was aliquoted out into 5.0 p-l portions and fi-ozen at -80 °C imtil use. 
2.1.3 Data collection with SELDI tOF MS 
The protem arrays were analysed on a PBS-IIc time-of-flight mass spectrometer 
(Figure 2-9) using ProteinChip Software version 3.1 (Ciphergen Biosystems/Bio-Rad). 
The instrument uses acquisition protocols, which need to be defined, for acquiring data 
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from a spot or portion of a spot on the protein arrays. Important data acquisition 
parameters that require optimisation include: laser intensity, detector sensitivity, focus 
mass range, sampling rate, and number of shots to acquire into the spectrum average. 
The ProteinChip reader uses a nitrogen laser to desorb and ionise the sample. lonisation 
of the analyte resuks from an interplay between the laser energy, the matrix, and the 
analyte. 




Figure 2-9. A PBS-IIc time-of-flight mass 
spectrometer with (left) and without (right) 
automatic loading of protein arrays. Figure 
courtesy of Ciphergen Biosystems/ Bio-Rad. 
The laser energy induces both protein ionization and a change of state from the solid, 
crystalline phase, into the gas phase, and is hence one of the most critical parameter to 
optimise. For example, the laser intensity settings that are too low cause insufficient 
extraction of ions from the array surface, resulting in low peak coimts and low peak 
intensities; excessive laser intensity yields off-scale readings, an unstable baseline, and 
broad, flat-topped peaks that make accurate quantitation of expression differences 
impossible. Acquisition parameters, optimised for each new experiment in this study, 
yielded protein profiles with optimal numbers of sharp and well-resolved peaks. 
Optimisations were done by manually collecting data from a sample type by shooting at 
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the sample with various laser intensities, starting low (e.g. at 150) and then increasing 
the laser until MS traces were of best possible quality. Shnultaneously, detector 
sensitivity and mass focus areas were varied until satisfactory traces were obtained. 
Following optimisation, 'spot' and 'chip' analysis protocols were made to ensure 
smiilar settings for analyses of all samples to be compared. These protocols were not the 
same in all experiments, and details are provided as appropriate in the following 
chapters. However, as instruments/lasers can drift or change over time, a reference 
sample was included in each analysis to ensure that peak intensities did not vary with 
changes in the laser over time and differences reflected biological differences. 
Additionally, samples to be compared were analysed on the same day (as far as 
possible), and all exposure groups were mixed so that samples were distributed 
randomly on the protem arrays. To ensure sufficient coverage of the entire mass range 
(i.e. 0 - 200 kDa), data acquisition settings were optimised for both low (i.e. 2.0-15 
kDa) and high molecular weight ranges (> 15 kDa), as larger molecules require more 
energy to 'fly' than small ones. The array spots are divided into sections (Figure 2-10), 
allowing analysis of each sample several times, but with different settings (i.e. 
collecting data from unique positions at the spot), to maxknise the number of detected 
protein species over the whole mass range. 
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Figure 2-10. Shows array spots - how they are divided into sections, allowing repeated analysis of each 
sample, to optimise analysis of both small and large molecules in the same sample. For each analysis at 
least 60-100 laser shots are collected, and die average presented in the corresponding protein profile. 
Figure courtesy of Ciphergen/Bio-Rad. 
In this study, each sample was analysed twice to give two mass spectra, one where 
detection of small molecules was optimised, and one favouring larger molecules. 
Resuhs from the two analyses were combmed for fiirther data analysis (peaks in the 
mass range 2.0 - 15 kDa were kept from the 'low-mass run', while peaks from 15 - 200 
kDa were kept from the 'high-mass run'. However, if no extra peaks were gained in the 
high-mass run, only the full-range spectra obtamed in the low-mass run were used for 
analysis. 
2.1.4 Data handling and statistics 
Data handling (pre and post-processmg of data) is one of the most challenging 
parts of proteome analysis, and numerous bioinformatics tools are being developed 
around current proteomic platforms to help handle, process, and meaningfully interpret 
the large body of data that is emerging. A similar approach to that developed 
successfiilly in medical SELDI-TOF MS studies was chosen for data collected m the 
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present study. Preliminary data were processed and interpreted using the Biomarker 
Wizard feature of the ProteinChip Software (version 3.1, Ciphergen Biosystems) 
followed by multivariate analysis. The multivariate analyses undertaken in this study 
were regression tree-based methods (Breiman et al. 1984) embodied in the Biomarker 
Pattern™ Software (version 4.0.1, Ciphergen Biosystems). In addition, multi-
dimentional scaling (MDS) from the Plymouth Routines in Multivariate Ecological 
Research (PRIMER) software v6 was used for illustration of'trends' in the datasets. 
Preprocessing of data_ensures that all the data can be compared together, and 
includes e.g. baseline subtraction, mass calibration and total ion current normalisation. 
In Biomarker Wizard, mass spectra from all treatment groups were imported into one 
experimental file. Baseline subtraction was performed and the spectra were mass-
ahgned using three mass peaks (intact or modified proteins/peptides) prominent in all 
spectra, and fiirther normalised to the total ion content for the amplitudes of all peaks 
detected in the mass range of interest (e.g. 2.0 - 15 kDa for a low-mass analysis, and 15 
- 200 kDa for a high-mass analysis) in the spectra compared. Background noise was 
subtracted from the same M/Z region prior to data collection. Additionally, all spectra 
were externally mass calibrated usmg standards hsted in Table 2.9. Separate cahbration 
equations were calculated for low-mass and high-mass ranges to obtain best possible 
mass accuracy. Protein/peptide peaks, with similar M/Z values (peak closeness 0.5 % of 
mass), were automatically grouped across all the spectra into peak clusters, if present, in 
a minimum of 50% of the samples from one treatment group. The peaks used to 
generate these clusters had to meet a minimum signal to noise ratio (S/N >5). Not being 
aware of the intensity of a potential biomarker, and hence risking to loose diagnostic 
information, only peaks with S/N >5 were collected and evaluated in this study as a 
general rule (based on Ciphergen Biosystems recommendations). 
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Once the data were collected, they were tested for differences between treatment 
groups using Mann-Whitney-Wilcoxon test (incorporated in ProteinChip software). The 
statistical test provided a p value for each peak. Differences at p < 0.05 were considered 
significant; however, p values alone are not always indicative of the utility of a peak as 
a biomarker. A highly predicative diagnostic test rehes on minimismg the overlap (in 
response) between exposed organisms and controls m terms of value distribution for a 
given parameter. This underlines the need for multivariate analyses that are based on 
multiple variables to find the best possible biomarkers. 
After peak detection and preliminary statistical analysis, raw data were exported 
from Biomarker Wizard to Microsoft Excel to determine the presence/absence/fold 
changes of peaks between treatment groups, and to examine the data for potential 
exposure or gender-specific alterations of proteins. The data were exported 
sunultaneously to Biomarker Pattern™ software and/or PRIMER for identification of 
potential multivariate patterns classifying exposed and control organisms. The 
algorithm in the Biomarker Pattern™ software examines each peak cluster present in 
the spectra and assesses its quahty as a classifier (described in Fung and Enderwick 
2002 and Figure 2-11). Each node (i.e. black square in the figme) is a decision point. 
Each sample is sifted down the tree based on how it answers the question in each node; 
Terminal nodes are stopping points and the majority of the samples determine the 
classification of each terminal node. Sensitivity is calculated as the ratio of correctly-
classified treated samples (true positives) to the total number of treated samples. 
Similarly, specificity is calculated as the ratio of the number of controls correctly 
classified (true negatives) to the total number of controls. Figure 2-11(B) shows how the 
rules in the classification tree manifest themselves in the raw data, and how the 
classification "model uses the peak intensity to classify each sample. 
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Figure 2-11: Classification tree example. Figure courtesy of Dr. Eric T. Fung (Ciphergen Biosystems). 
Based on the selected classifiers, the software generates and tests different classification 
models, using a cross-validation method that randomly picks 10% of the samples. The 
models (classification trees) with the best prediction success and lowest error costs were 
chosen for further testing. Mass spectra from unknown samples were classified 
subsequently by likeness to the pattern found m the plasma mass spectra used to create 
the classification model. A percentage of samples from each treatment group 
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(dependmg on the total number of samples available, i.e. specified in respective 
sections) were used to build the classification models, while the remaining samples 
from each of the three treatment groups were kept for blind-testing of the models. 
Multidimensional scaling (using PRIMER software), i.e. non-metric MDS plots, derived 
from Euchdean distance similarity matrices were used to visualise 
similarities/dissimilarities between treatment groups in laboratory and field studies, 
where close points in the MDS plot arereflecting similar response patterns (Galloway et 
al. 2004). Nevertheless, it must be emphasised that these plots (based on data averages 
from all individuals in one exposure group) cannot be used for statistical interpretation 
of differences, but merely for visualisation of response-trends in the datasets. 
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2.2 Collection and maintenance of animals 
Al l study organisms were collected at (relatively) clean sites outside Stavanger, 
western Norway (Rogaland), (Figure 2-12). These sites have been used in several other 
projects (e.g. Knigge et al. 2004), and contamination levels are monitored regularly (e.g. 
Table 2-9). 
Table 2-9. Body burden of PAHs (as SUM PAH and EPA18) in mussels from one of the reference sites 
(F0rlands5orden, column 1-2) and various sites known to be contaminated. Column 3 (Visnes) represents 
a metal-contaminated site, while columns 4-8 are from PAH-contaminated sites (adapted from Andersen 
et al. 2003a). PAH concentrations were analysed using gas chromatography connected to a mass 
spectrometer in selected ion mode (GC/MS-SIM). 
Reference Contaminated sites 
U nssels 1998 2003 1998 1998 2003 1998 1999 2003 
Forland. Forland. Vrsines Bukkoy Bukkey Hogevarde Hagevarde Hogevarde 
ue/ke wc/kc WR/kK Bg/kg ug/kg 
Napbtbalene 0.0 0.8 0.1 4.9 0.7 10.0 0.0 3.8 G 1-naph'tbaleae 1.5 3.0 1.4 8.3 Z4 0.0 0.0 9.4 
G 2.oaphtbaleae 4.9 29.0 6.3 • 18.3 14.4 0.0 94.0 106.0 
G 3-naphthalene 7.5 10.0 9.9 25.4 13.0 0.0 119.0 41.5 
A cenaphthylene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.7 
AcenaphtEiene 0.0 0.6 9.9 0.0 6.3 53.7 195.0 IOO.I 
Flnorene 0.0 0.2 0.0 0.0 Z8 64.3 193.0 75.6 Phenanthreno 1.0 1.6 1.2 72.0 22.9 511.2 1439.0 671.4 
Anlbraceae 0.0 0.2 0.0 6.7 3.5 97.6 73.0 58.9 
G l-phenfaatbr 1.2 1.0 0.8 75.1 35.6 880.6 1989.0 1333.1 
C 2-pheiiraiit1ir 3.9 1.0 3.6 74.6 55.8 1182.0 1734.0 1486.3 
Dlbenzotbloptaene 0.0 0.0 0.0 4.2 1.0 45.5 67.0 33.7 
C l-dlbenzotblopbene O.I 0.0 0.0 6.8 3.8 109.0 I2I.0 86.4 
C 2-dlbenzotblopbene 0.8 0.0 I.I 22.6 13.5 299.2 229.0 196.7 
Plnoraitbene 5.0 7.2 2.3 357.0 182.8 6917.0 10823.0 14150.0 
Pyrene 0.8 4.4 0.6 175.9 68.1 3174.0 5229.0 7140.0 
Beiizo(a)aiitbraeene 0.6 1.8 0.7 67.3 31.9 4395.0 3268.0 4130.0 
C brysene 3.1 3.4 1.6 91.5 58.8 5460.0 4220.0 6050.0 
C 1-cbrysone 0.4 1.0 0.0 32.4 10.7 1523.6 1599.0 1857.0 
C 2 . c b r y s Q n Q 0.5 0.4 0.0 0.0 3.7 605.5 411.0 574.7 
B enzo(b)nuorantbene 1.1 2.1 1.0 84.3 28.1 3529.0 3708.0 5300.0 
Beniojkinuorantbene 0.8 0.6 0.4 22.3 7.5 950.0 924.0 1460.0 
B enzoib+li)!^ o r a n t b ene 1.9 2.6 1.2 114.9 35.2 3925.0 6290.0 
Benzo(a]pyrene 0.0 0.2 0.0 0.0 4.3 890.0 971.0 1112.8 
IndeDo(l,2,3,cd]pyreDe 0.0 0.3 0.7 0.0 6.0 545.0 388.0 507.8 B eDzo(g.b,l)peryleiie 0.0 0.4 0.1 0.0 7.2 400.1 370.0 505.3 
D Ibenzora-blaotbracene 0.0 0.0 0 0 0.0 1.1 242.2 135.0 137.1 
Sum PAH 33 69 42 1150 586 31884 38299 47129 
EPA16 12 24 18 894 433 26731 32003 40968 
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Figure 2-12. Sampling sites for mussels {hfytilus edulis) in Forlandsfjorden (Norway), spider crabs 
{Hyas araneus) at Krokaneset (Norway), and sea urchins {Strongylocentrotus droebachiensis) in 
Lysefjorden (Norway) Map photos are from iittp://norgeibilder.no/. 
Spider crabs {Hyas araneus) were collected from Karmoy (i.e. Krokaneset), Norway, 
with traps (Figure 2-13) that were baited with fish (e.g. Atlantic cod), blue mussels 
{Mytilus edulis) were picked from stones below the low water mark (Figure 2-13) in 
Forlandsfjorden (Norway), while sea urchins (Strongylocentrotus droebachiensis) were 
collected by divers. 
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Figure 2-13. (A) Collection of crabs by traps baited with fish, and (B) collection of mussels fi'om stones 
below the low water mark. 
Animals were immediately transported to the laboratory, transferred to clean nmning 
sea water (salinity of 34, temperature 10-12 "C), and kept isolated for two weeks prior 
to the exposure experiments. All specimens were fed throughout the acclimation and 
exposure periods. Crabs were fed raw shrimps {Pandalus borealus), mussels were fed a 
1:1 mixture of algae {Isochrysis and Rhodomonas sp.), and sea urchins were fed a 
combination of raw shrimps {Pandalus borealus) and freshly-collected brown algae 
{Laminaria sp.) ad libitum. Mussels and crabs were fed daily, while sea urchms were 
fed 3 times per week. However, the feeding was stopped one day prior to sampling. 
2.3 Exposure system (used in laboratory studies) 
All laboratory exposures (Chapters 3-5) were performed using a continuous 
flow system (CFS), designed for performing studies of chronic (steady-state) exposures 
of marine organisms to mixtures of poorly-water soluble chemicals (detailed 
description provided by Sanni et al. 1998; Baussant et al. 2001). Originally, the system 
was built to study the impact of oil, however, any chemical, whether water miscible or 
not, can be tested under long-term exposure in this system. It is a state-of-the-art 
exposure system tor chronic toxicity testing of aquatic organisms. The design is flexible 
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and can be comiected to a wide range of test chambers (e.g. Figure 2-14). The 
laboratory facility has continuous collection (by pumps) of sea water from 80 meters 
depth (below the thermocline). The water passes through a sand filter before it reaches 
the water taps. The CFS system was adapted to fit the requirements for each experiment 






AP mix stock 
I 
Crude oil +AP Control 
Exposure tanks 
Figure 2-14. Diagram of how the CFS was used m the first laboratory study (Chapter 3). Figure courtesy 
of Rolf Sundt, IRIS Biomilj0. 
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2.4 Laboratory and field experiments 
To evaluate the potential of proteomics in ecotoxicology and envhonmental risk 
assessment, three laboratory experiments and one field study were undertaken. Two of 
the laboratory studies (i.e. Chapters 3 and 4), as weU as the field validation study 
(Chapter 6) were conducted as part of the 'BEEP' project (i.e. Biological Effects of 
Environmental Pollution m Marine Ecosystems) project 
(http://www.iris.no/Intemet/akva.nsf^wvDocID/D9265337DF6A70E4C1256EB90069A 
BCl) partly fiinded by European Commission and partly by the Research Council of 
Norway. The third laboratory study (Chapter 5) was part of a research programme 
BIOSEA JIP, fimded by ENI Norge AS, Total Norge E&P AS and the Research 
Council of Norway 
(http://www.iris.no/Intemet/student.ns£^5CD78704522281FBC12567F60051ECEE/431 
C334F2973BFEAC12572570057F7DD?opendocument) 
2.4.1 Laboratory study 1 (mixture effects) 
In November/December 2002, mussels (Mytilus edulis ) were exposed for three 
weeks to either (a) a control of filtered seawater (salinity of 34 and temperature 11 ± 1 
°C), (b) 0.5 ppm of dispersed North Sea crude oil (Stafford B oil), or (c) 0.5 ppm crude 
oil spiked with 0.1 ppm Alkylphenol (AP) mix. 
2.4.2 Laboratory study 2 (species and gender-related effects) 
In March/April 2003, mussels (Mytilus edulis) and spider crabs (Hyas araneus) 
were exposed for 3 weeks to nominal concentrations of either (a) 50 ppb Diallyl 
phthalate (DAP, from Fluka EC No 2050163, purity > 98%), (b) 5 ppb 2,2\4,4Tetra 
Bromo Diphenyl Ether (BDE-47, Chiron Product No 1688.12, purity > 95.6%), or (c) 
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50 ppb Bisphenol A (BPA, Merc, EC No 201-245-8, purity > 97%). Acetone was used 
as carrier for all components. Concentration of carrier in the exposure units was kept 
lower than 2 ppb. Control animals received only filtered seawater (salinity of 34 and 
temperature 11 ± 1 °C). 
2.4.3 Laboratory study 3 (Dose-response relationships) 
In November/December 2002 Green sea urchins (Strongylocentrotus 
droebachiensis) and blue mussels (Mytilus edulis) were exposed for 4 and 5 weeks, 
respectively, to nominal concentrations of 0, 15, 60, and 250 ppb dispersed North Sea 
crude oil at water temperatures of 7 ± 0.5°C. 
2.4.4 Field validation study (Copper gradient) 
In November/December 2003 (Mytilus edulis) were coUected m Forlandsl^orden 
(59°20TSf, 5°13 'E) and then directly transferred to four sites along a fieldgradient in the 
vicmity of an old copper mme at Visnes (59°22TSr, 5°13 'E). The mussels were deployed 
in the coppergradient for 18 days, and then brought to the laboratory the evenmg before 
samplmg (and kept in filtered, running seawater prior to samplmg). Simultaneously, 
indigenous mussels fi'om Visnes were collected for comparison of results of the caging 
study. In addition, mussels from F0rlands:§orden were collected at four tunepoints (i.e. 
November 2003, January 2004, March 2004, and May 2004) to mdicate the level of 
seasonal variation in plasma-protein profiles of the mussels. 
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2.5 Exposure monitoring 
Various methods have been employed for exposure monitoring in the 
experiments undertaken, mcluding water and tissue concentrations measured by Gas 
Chromatography connected to a Mass Sjpectrometer (GC/MS), as well as measurements 
of particle number and size (i.e. oil droplet size) in water by a Coulter® II particle size 
analyser. The exposure monitoring is unique for each experiment, and will be described 
separately in Chapters 3-6. Detailed description regarding exposure monitoring in 
laboratory study 1 and 2 (Chapter 3 and 4) have also been published in Aquatic 
Toxicology (Sundt et al. 2006). 
2.6 Chemicals 
If not stated otherwise, all chemicals were analytical grade and purchased from 
Sigma-Aldrich. 
• 105« 
Chapter 3 Mixture effects A. Bjomstad 
Chapter 3 
Effects of oil and produced-water 
compounds on protein expression in 
tine mussel Mytilus edulis 
Stmanger 
STOUUTANNM DAAMAKK 
Statjjord is one of the oldest producing fields on the Norwegian continental shelf 
Statjjord B (the source of oil in this study) started production on 5'* November 1982, 
and are still producing roughly 150-160 000 barrels of oil per day. 
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3.1 Introduction 
The mcreasmg number of chemicals released into the environment provides greater 
potential for impact on terrestrial and aquatic wildlife (IPCS 2002). Since the late 
1960s, significant effort has been directed to develop the best possible tools, at different 
levels of biological organisation, for assessing how these pollutants affect ecosystems 
and the organisms constituting them. In the early stages of environmental monitoring, 
the most common approach was to measure physical and chemical variables with the 
occasional implementation of biological variables (Lam and Gray 2003). With the 
realisation that some envhonmental pollutants, so-caUed endocrine disruptmg 
compounds (EDCs), also caused deleterious effects that were not foreseen when 
existing chemicals regulations were enacted (e.g. Matthiessen and Johnson 2007) 
attention moved away from contaminant monitoring to measuring biological effects. In 
the mid 1980s, biomarkers representing molecular, cellular and physiological changes 
in an organism following exposure to various types of pollutants (Peakall 1992) 
emerged as promising and useftil monitoring tools. New biomarkers are being 
developed constantly; however, it has become clear that no single biomarker will serve 
to indicate the fiill effect of environmental pollutants (e.g. Galloway et al. 2004). 
Analogous to diagnosis in human medicine, it is recognised that most pollutant effects 
will depend upon the determination of suites of responses, rather than any pollutant-
specific or disease-specific response. 
A new trend in ecotoxicology and biomedical research is the apphcation of so-caUed 
'omics' technologies. These are methods that have the potential to monitor complete 
classes of cellular molecules such as messenger RNAs, proteins and intermediary 
metabolites in a single analysis (Morgan et al. 2002; Nicholson et al. 2002; Lau et al. 
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2003; Botstein and Risch 2003; Clish et al. -2004; Petricoin and Liotta 2004a), compared . 
to traditional analyses that rely on only one endpoint. By allowmg simultaneous 
analysis of thousands of genes, proteins and metabolites, these new global technologies 
have enabled a wider approach to biological questions, since toxicity generally mvolves 
changes not only in a single gene but rather a cascade of gene interactions (Nuwaysu: et 
al. 1999; Aardema and MacGregor 2002). To date, few ecotoxicological studies have 
utilised 'omics' technologies. Snape et al. (2004) proposed the term 
'ecotoxicogenomics' to describe the integration of genomics (transcriptomics, 
proteomics and metabolomics) into ecotoxicology, and defined it as "the study of gene 
and protein expression in non-target organisms that is important in responses to 
environmental toxicant exposures". The authors emphasised the need for ecotoxicology 
to move towards a more hohstic approach which mtegrated high throughput 'omics' 
technologies. Identification of endpoints and responses from such an approach could 
potentially improve risk assessment through a clearer insight into mechanisms of 
actions gained by an mcreased level of revealed information at the molecular level. 
Improved knowledge regardmg cellular control and defence mechanisms will allow a 
more robust extrapolation between model-species and target species (MacGregor 2003), 
and reduce imcertainties involved in predicting threshold levels of various types of 
toxicity. It has also been suggested that genetic variation is the major cause for variation 
in susceptibility to disease and toxicant exposure variants (Aardema and MacGregor 
2002; Ashton et al. 2002; Botsteua and Risch 2003), indicatmg that a certam set of genes 
or proteins could be used to discover sensitive species and (sub) populations. 
Furthermore, current environmental risk assessment and regulation of chemicals does 
not take formal accoimt of any mixture effects which might occur when chemicals are 
released into the environment (Matthiessen and Johnson 2007), although there is an 
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increasmg interest in the assessment of mixture ecotoxicology (e.g. DeLorenzo and 
Fleming 2008; Jukoskv et al. 2008; Soto et al. 2008). Mixtures are often described to 
follow one of two models, concentration addition or response addition (e.g. Dardenne et 
al. 2008). However, mixtures that deviate from these models exist; they typically exhibit 
phenomena like synergism, ratio or concentration dependency,,or mhibition (Dardenne 
et al 2008). At present, mixture-effects have mainly been evaluated for acute toxicity 
responses (e.g. Manzo et al. 2008; Escher and Hermens 2002) and there is a general 
lack of information on modes/mechanisms of toxic action or of mechanisms of toxicity 
interactions (McCarty and Borgert 2006). Genetic responses are considered to be the 
primary reaction in case of toxicant exposure and carry valuable mechanistic 
information; hence analysis of gene, protein and metabolite expression could provide 
valuable insight into mixture-toxicity-modes of action. 
The aim of the present study was to evaluate the effects of crude oil alone, and 
oil in a mixture with other toxic compounds, on protein expression in mussels (Mytilus 
edulis). Mussels were exposed to environmentally-relevant concentrations of oil alone, 
or oil spiked with short-chained alkylphenols (APs) and extra polycyclic aromatic 
hydrocarbons (PAHs). The spike was made to reflect the composition of APs and PAHs 
found in produced water from offshore platforms and instaUations in the North Sea oil 
fields. Produced water, a by-product from oil and gas production, is a highly complex 
mixture of water, dispersed oil (micro droplets of oil in water) and chemicals. Trace 
amounts of oil, PAHs, and APs are only some of the compounds present, however, the 
aromatic compounds are assumed to be the most important contributors to toxicity 
(Utvik 1999). Various effects of oil and produced-water compounds have been reported 
for marine organisms, mcluding effects on reproduction (Krause 1994; Giesy et al. 
2000), development (Baldwm et al. 1992), genotoxicity (Harvey et al. 1999; Aas et al. 
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2000; Taban et al. 2004; Bolognesi et al. 2006, Barsiene et al. 2006b), metabolism 
(Narvia and Rantamaki 1997; Martin-Skilton et al. 2006; Jonsson et al. 2004; 2008), 
steroid levels (Lavado et al. 2006) and alterations in protein expression (Gimeno et al. 
1998; Hasselberg et al. 2004; Gomiero et al. 2006; Monsinjon et al. 2006; Sturve et al. 
2006). In spite of much effort, knowledge of the fate and effects of effluents related to 
oil and gas production is limited, mdicatmg a need for contmued research, as well as an 
evaluation of appropriate assessment tools. In the present study, therefore,- the influence 
of envuronmental pollutants on plasma protein expression ia mussels has focussed on 
the particular protehi forms either induced or suppressed following exposure. The 
hypothesis was that exposing mussels to oil alone, or oil spiked with APs and extra 
PAHs would result in unique combinations of expressed protein species that could be 
indicative of either exposure or effect. 
3.2 Material and methods 
Blue mussels (Mytilus edulis) were coUeted in late October 2002 hi 
Forlands^orden (Figure 2-12). Following two weeks acchmation, they were exposed m 
the continuous flow system shown in Figure 2-14 for 3 weeks, to nommal 
concentrations of either 0.5 ppm dispersed North Sea crude oil (i.e. Stafford B oil) or 
0.5 ppm oil spiked with a mixture of 0.2 ppm APs and 0.1 ppm extra PAHs (nominal 
concentrations); control mussels received only filtered seawater (salmity of 34,10-
12°C). Oil dispersions were made mechanically by passing oil and seawater through a 
high pressure mixing valve. The composition of the AP and PAH mixtures used in the 
spike, as weU as the composition of PAHs m Stafford B oil, are listed in Tables 3-1 and 
3-2. The spike was made by mifcmg equal amounts of the two solutions. Acetone (grade 
> 99.5) was used as a carrier, and high precision peristaltic pumps (model "33", Harvard 
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Apparatus, Massachussets, USA) were used to ensure correct doses in the exposure 
tanks. The spike was added to the oil emulsion via a 5 liti-e mixmg flask with strong 
spm-bar mixmg. This flask fed a diluted spike solution mto the oil emulsion. The 
acetone carrier enhanced the dissolution of APs hi water. 
Table 3-1. The PAH composition recorded in Stat§ord B crude oil and some characteristics of the PAH 
molecules. 
Compound/quantity Statflord ng/g oil Mass (M/Z) Log Kow 
Naphthalene 1147,0 128,2 3,3 
Cl-Naphthalenes 3787,3 142,2 3,9 
C2-Naphthalenes 5288,7 156,2 4,4 
C3-Naphthalenes 3830,3 170,2 4,9 
Acenaphthylene 10,0 152,2 4,1 
Acenapthene 9,7 154,2 4,0 
Fluorene 135,9 166,2 4,2 
Anthracene 252,9 178,2 4,6 
Phenanthrene 0,0 178,2 4,6 
Cl-Phenanthrenes 460,2 192,2 5,1 
C2-Phenanihrenes 439,4 206,0 
Dibenzothiophene 91,9 184,2 4,4 
Cl-Dibenzothiophene 196,5 198,2 
C2-Dibenzothiophene 232,9 212,2 
Fluoranthene 2,6 202,0 5,1 
Pyrene 8,6 202,0 5,1 
Chrysene 23,9 228,2 5,7 
Cl-Chrysene 37,9 242,2 
C2-Chrysene 41,5 256,2 
Benzo(a)antracene 3,3 228,2 5,7 
Benzo(b)fluoranthene 7,7 252,3 6,4 
Benzo(k)fluoranthene 0,0 252,3 6,5 
Benzo(b+k)fluoranthene 6,9 
Benzo(a)pyrene 4,7 252,3 6,3 
Indeno(l,2,3,cd)pyrene 0,0 276,3 6,9 
Benzo(g,h,i)perylene 1,7 276,3 7,0 
Dibenzo(a,h)antracene 0,0 278,3 6,7 
Sum PAH 
Sum PAH in Ippm dose (ng) 
16020,9 
16,0 
Note. Log Kow is the logaridmi of the -octanol to water coefficient Kow. LogKow values on 
alkylated PAH are hard to find. A thumb rule is to add fi-om 0.3 to 0.5 log-units per methyl group added, 
see also http://logkow.cisti.nrc.ca. The 1 ppm oil dosage would equal a quantity of 1 mg oil/kg seawater. 
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Table 3-2. Composition of APs and PAHs used in the spike. 
PAH mix AP mix 
Compound Gram/L Acetone Compound Gram/L Acetone 
Naphthalene 7,649 p-cresol 33,8 
Cl-Naphthalenes 13,792 m-ethylphenol 6,54 
C2-Naphthalenes 14,42 3,5-dimethyllphenol 6,54 
C3-Naphthalenes 7,669 2,4,6-trimethylphenol 3,8 
Fluorene 0,867 2-tert-butylphenol 0,236 
Phenanthrene 0,779 3-tert-butylphenol 0,236 
Cl-Phenanthrenes 1,264 4-n-butylphenol 0,236 




Sum 48,405 Sum 53,01 
3.2.1 Exposure monitoring 
Exposures were monitored by repeated (n = 15 during the course of the experiment) 
analyses of the average oil droplet size and number by a Coulter® II particle size (and 
number) analyser equipped with a 70 mm aperture tube. Oil concentrations were 
calculated from the estimated particle size and number of particles in the water. Semi­
quantitative fluorescence analysis of total hydrocarbon concentration (THC) in the 
water was measured (as described in Aas et al. 2000) five times during the exposure 
period. Additionally, THC in water was measured twice by Gas Chromatography 
(HP5890, Hewlett Packard, USA) connected to a Mass Spectrometer (Finnigan 
SSQ7000, USA) and analyzed m selected ion mode (GC/MS-SIM) as described m 
Baussant et al. (2001). 
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3.2.2 Sample collection 
Haemoljonph samples from mussels were collected following the method described 
m Chapter 2 (i.e. 2.1.1) and Figure 2-1. Seventy mussels (shell size 7.5 ± 0.7 cm) were 
sampled and analysed per treatment. 
3.2.3 Sample preparation on ProteinChip arrays 
ProteinChip arrays with weak cation exchange surfaces properties (WCX-arrays) 
were used for protein expression analyses and the protocol outlined in Table 2-7 was 
used for sample preparation. 
3.2.4 SELDI TOF MS analysis 
The protein arrays were analysed inmiediately (after sample preparation and 
incubation) on a PBS-IIc tune of flight mass spectrometer using ProtemChip Software 
version 3.1. Mass spectra were recorded on the following settings: 91 laser shots/ spot 
surface in a positive ionisation mode (65 of the shots were collected, starting at position 
20 and ending at position 80 of the spot), laser intensity 214, detector sensitivity 8, 
detector voltage 2900 V, data acquisition from 0 - 180000 Da, and optimum mass range 
focus from 2500 - 15000 Da. Given the time of flight, the known length of the tube and 
voltage applied, the mass-to-charge ratio (M/Z value) for each mass peak was estunated 
automatically. The mass spectra consist of the sequentially recorded number of ions 
arriving at the detector (the mass peak height or relative mtensity) coupled with the 
correspondmg M/Z values. The PBS-IIc mstrument was externally calibrated with 
bovme msulm (5733.58 Da) and bovine IgG (147300.0 Da) mass standards (Ciphergen 
Biosystems). 
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3.2.5 Data handling and statistics 
Preliminary data processing was done in the Biomarker Wizard feature of 
ProteinChip Software (version 3.1). Mass spectra from all treatment groups were 
imported into one experimental file. Baseline subtraction was performed and the spectra 
were mass aligned using three M/Z values prominent in all spectra (4036 Da, 12470 Da 
and 27402 Da). Further data processing and biomarker discovery, with uni- and 
multivariate statistics, were done according to the description given in Chapter 2 (i.e. 
2.1.4). Furthermore, data sets for multivariate decision tree classification (with 
Biomarker Pattern™ Software) were separated randomly into a training set and a test 
set before analysis. Fifty samples from each treatment group were used to build the 
classification models, while 20 samples were kept for bluid testing of the test models. 
3.3 Results and discussions 
3.3.1 Chemistry 
The average oil concentration in water based on 15 multisizer measurements was 
0.56 ±0.19 ppm in the tanks receiving only oil, and 0.61 ± 0.26 ppm in the tanks with 
spiked oil. Semi-quantitative fluorescence analysis of THC concentrations hi the water 
showed that water from the oil treatment had an average (n = 5) THC of 0.25 ± 0.04 
ppm, while the average concentration in water from the spiked oil treatment was 0.36 ± 
0.07 ppm. Total PAH by GC/MS-SIM was only measured for the oil treatment, and 
average (n = 2) PAH concentration, converted to THC, was 0.38 ± 0.07ppm. 
There is no available method for measuring concentrations of APs in water or 
biota. Sundt and Baussant (2003) cited the following log Kow (partitioning coefficient) 
for some of the substances: 4-tert-butylphenol (3.04-3.31), 4n-pentylphenol 
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(unknown), 4n-hexylphenol (3.60), 4n-heptylphenol (4.00), while Shiu et al. (1994) 
reported log K^w for p-cresol to be (1.62 - 2.06). The APs will thus have a water 
solubility ranging firom somewhat more than naphthalene to somewhat less than C l -
naphthalene, and a hability for uptake in the mussels ranging from somewhat less than 
naphthalene to somewhat more than CI-naphthalene (see Table 3-1 for comparisons). A 
conservative estimate of the water-borne exposure would therefore be that ca 80% to 
possibly ca 95% of the APs were available for uptake from the spike based on how the 
concentrations of naphthalene and CI-naphthalene were measured m the water 
(Skadsheim personal observations), giving a total of between 0.16 - 0.19 mg 
alkylphenols/litre seawater m the spike exposure. 
3.3.2 Proteomic response 
Profilmg of mussel plasma on WCX ProteinChip arrays revealed 2287 distmct 
peaks and corresponding M/Z values when data were collected at the highest sensitivity. 
In addition to real peptide and protein peaks, the xmfiltered mass spectra contamed 
electronic noise as well as chemical noise due to the ionisation matrix used. Further 
analysis of data was restricted to those M/Z values with a signal to noise greater than or 
equal to 5, present within the mass range of2500 to 180000 Da. Analysis of 70 samples 
(35 males and 35 females) from each treatment yielded 149 peaks with M/Z values 
between 2716 and 159764 Da that met the abovementioned criteria. Among the 149 
quahfymg peaks, 90 had M/Z values between 2500 and 10 000 Da, 30 were between 
10 000 and 20 000 Da, and 31 peaks had M/Z values greater than 20 000 Da. The 
dominance of low-molecular weight protein forms is m accordance with what has been 
reported for medical studies utihsmg the same proteomic technology (Petricoin et al. 
2002; L i et al. 2002; Rogers et al. 2003; Conrads 2004). Information regardmg the 
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difference between exposed mussels and controls, however, was present throughout the 
entire M/Z region studied. 
In general, results indicated that exposure to spiked oil had a more significant effect 
on protem expression in mussels than oil alone, indicatmg an added effect of APs and 
PAHs in the oil-mixture (Table 3-3). "While 83 of the detected proteins were 
significantly (p < 0.05) altered by spiked oil, 49 were altered by oil. Both exposure 
regimes had a predominantly upregulatiag effect on protem expression in mussel 
plasma. When only significantly altered peaks were considered, 68 % were upregulated 
in both exposure groups. Average changes in protein expression (as the ratio 
exposed/control) were less than two-fold for mussels exposed to both oil (1.6 fold) and 
spiked oil (1.9 fold) when all detected peaks were compared (Table 3-3). 
Table 3-3. Overview of number of significantly (p < 0.05, Mann-Whitney-Wilcoxon test) upregulated 
(Up) and downregulated (Down) peaks in the two exposure regimes. 
Exposure Up Down E % 
Oil 33 16 49 33 (1.6) 
OAP 56 27 83 56(1.9) 
n = 149 resolved peaks with S/N >5 
Note. E = total number of significantly altered peaks, S/N =^  signal-to-noise ratio, % = percentage of peaks 
that were significantly altered by exposure. OAP = spiked oil. Average fold change in expression is given 
brackets. 
Examination of differences between exposed organisms and controls revealed a 
complex response patter. Examples of different types of responses are given in Table 3-
4, while the complete list of significantly altered mass peaks is given in Table 3-5. 
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Table 3-4. Examples of complex response partem in mussels exposed to oil and spiked oil (OAP). 
M/Z (Da) oil-? oil-^* OAP-? OAP-3 Significant response in 
46134 t T t T all groups 
44988 T ns t T 3 groups 
78669 ns I i 1 
10834 i i i ns 
3842 t ns ns ns only oil exposed 
4359 ns i ns ns (females, males or both) 
6302 i T ns ns 
23390 ns ns ns T only OAP exposed 
27119 ns ns i ns (females, males or both) 
135202 ns ns i i 
4047 ns t ns t males only 
5653 ns i ns i 
10132 ns i ns T 
5481 T ns T ns females only 
7048 i ns i ns 
3952 i t ns ns females and males; 
23690 ns ns i t opposite response 
Note, t = up-regulation, J, = down-regulation, $ = females, ^ = males, ns = not significant response. 
For example, when each treatment group was divided into females and males for 
comparisons of responses, only one peak (i.e. M/Z 46134 Da) was significantly altered 
in aU 4 groups (oil females, oil males, spiked oil females and spiked oil males) 
(highlighted in Table 3-5 part C). Furthermore, eight peaks were affected (6 up­
regulated and 2 down-regulated) in 3 of the exposure groups, however, not all of them 
in the same 3 groups (Table 3-5). 
• 1170 
Chapters. Mixture effects A. Bj0rnstad 
Table 3-5 Shows all mass peaks that were significantly (p< 0.05) changed in one or several exposure 
groups. The table indicate the size (Da) of the altered peaks, as well as where (i.e. exposure group) and 
how (up or dowmregulated) it was altered. Because of the size of the table, it has been divided into part A, 
B and C. OAP = spiked oil, F = females, M = males. Up = upregulated, and Down = dowmegulated. 
Part A Significant (p < 0.05) response 
Peaks 
(Da) Oil-F Oil-WI GAP-F OAP-M 




3770 3770 3770 3770 
3842 3842 
3887 3887 
3952 3952 3952 
3973 3973 3973 
4021 4021 
4047 4047 4047 
4061 4061 
4099 4099 
4113 4113 4113 







5481 5481 5481 
5613 5613 





6302 6302 6302 
6516 6516 
6751 6751 
7017 7017 7017 
7048 7048 7048 
7336 7336 
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Table 3-5 Continues (PART B). 
Parte Significant (p < 0.05) response 
Peaks 
(Da) Oil-F Oil-WI OAP-F OAP-M 
Up Down Up Down Up Down Up Down 
8797 8797 8797 
8881 8881 
8958 8958 8958 8958 
9091 9091 9091 9091 
9169 9169 9169 
9660 9660 
9793 9793 
9868 9868 9868 9868 
9941 9941 
10015 10015 
10132 10132 10132 
10467 10467 10467 
10544 10544 
10744 10744 
10834 10834 10834 10834 
10934 10934 
11026 11026 11026 
11114 11114 11114 
11809 11809 11809 






17672 17672 17672 
17818 17818 17818 
















44019 44019 44019 
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Table 3-5 Continues (PART C). 
Significant (p < 0.05) response 
Peaks 
(Da) Oil-F Oil-M OAP-F OAP-M 


































While certam protem features were aflFected by only one exposure condition, others 
responded to both exposures, (Table 3-5 and Figure 3-1 A) where the response pattern 
could be either similar or opposite with regard to induction or suppression (e.g. Table 3-
4). Some protein forms were affected in only one gender (e.g. Figure 3-1 B), and some 
revealed opposite responses in males and females (e.g. Tables 3-4 and 3-5). 
Figure 3-1. Treatment-specific (A), and gender-specific (B) responses. Each ring contains the number of 
proteins significantly (p < 0.05) altered only by the indicated groups. The overlapping areas indicate the 
numbers of proteins that were affected by both groups. OAP = spiked oil. Data in (A) illustrate male and 
female responses combined. 
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3.3.3 Treatment-specific response 
Pollutants with different chemical features are likely to affect distmct 
physiological or biochemical processes through binding to endogenous structures. 
Depending on which molecules or mechanisms are affected the impact will, 
theoretically, give rise to patterns of changes that are specific to the various pollutants. 
Zachariassen et al. (1991) reported that a range of physiological parameters responded 
differently in mussels according to which pollutant the mussels were exposed to and 
suggested that the combinational use of these physiological parameters might serve as a 
pollutant-specific fingerprint in environmental monitoring. Results from the present 
study support this hypothesis, as mussels exposed to oil alone revealed a totally 
different plasma protein expression pattern from mussels exposed to oil spiked with 
APs and extra PAHs. For example, 17 mass peaks were significantly altered only in 
samples from oil exposed mussels, while 51 peaks showed specific response to spiked 
oil (Figure 3-1 A). Although common responses were also observed in the two 
treatment groups, the degree of response was markedly higher m the spiked oil group 
for 25 out of 32 peaks that were significantly altered by both treatments. Pollutant-
specific changes in protein expression have also been observed in, for example, mussel 
gills (Shepard and Bradley 2000), in mussel digestive gland (Rodriguez-Ortega et al. 
2003; Knigge et al. 2004; Monsinjon et al. 2006), in mussel peroxisomes (Apraiz et al. 
2006; M i et al. 2007), in crab hepatopancreas (Gomiero et al. 2006), in fish liver 
(Shrader et al. 2003), in fish plasma (Larsen et al. 2006), and in fish gills (Hogstrand et 
al. 2002). 
Since the pollutants used in this study were complex mixtures, it is not easy to 
determine which components contributed most to the observed effects. However, if 
robust protem patterns are identified for specific chemicals and mixtures, these patterns 
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may be used to identify a pollutant in cases where its identity is not known. To test this 
hypothesis, the present data (the 149 mass peaks and corresponding M/Z values),were 
exported to Biomarker Pattern™ Software for identification of potential multivariate 
patterns classifymg exposed from control mussels. Two comparisons were made, 
control vs. oil and control vs. spiked oil. AH mass spectra were divided into trainmg sets 
(to create prediction models) and test sets (for subsequent blind-testing of the models). 
For comparison of control vs. oil, 9 distinct models were generated. The best 
performing model, utilismg a combination of 11 mass peaks, classified randomised 
blmd-samples with 90% sensitivity (correct classification of exposed) and 90% 
specificity (correct classification of controls). The best prediction model for comparison 
of control vs. spiked oil needed 10 peaks to predict controls with 95% accuracy, and 
mdividuals from the spiked oil treatment with 90% accuracy (Table 3-6). 
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Table 3-6. Prediction models (generated with Biomarker Pattem™ software) for classification of controls 
vs. exposed. Inputs are the 149 mass peaks with S/N >5. 
Groups 
compared 
Prediction success (%), 
model: n = 100 
Prediction success (%), 
test of model: n = 40 
Control Exposed Control Exposed Classifiers -M/Z(Da) 





















Note. Importance of classifiers is decreasmg firom top to bottom (i.e. M/Z 6302 Da and M/Z 69213 Da 
being the most important peaks for the classification of mussels exposed to oil or the OAP mixture, 
respectively. OAP = Oil spiked with alkylphenols and PAHs, t = up-regulated, i = down-regulated. 
Data were also tested to see if it was possible to generate good prediction models 
that could distmguish controls from exposed mdividuals as weU as discriminate 
individuals from the two exposure groups. The best classification model was able to 
classify all 3 groups with >80% accuracy (i.e. control = 90%, oil = 80% and spiked oil = 
85%). Although the prediction success for the masked test samples in the present study 
was good, it is not certain that another set of samples from mussels exposed to oil and 
spiked oil collected at, for example, a different tune of the year, would perform equally 
well if tested on the same prediction model. It is important to bear m mind the dynamic 
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nature of the proteome. For example, different biomarker profiles are found at the onset 
of a disease versus the late stage where symptoms and mdirect effects are prominent 
(Van der Greef et al. 2004). Sunilarly, factors like seasonal changes, reproductive 
cycles, nutrient availability, age etc. are likely to affect protein expression m an 
organism. Thus, an ideal protein biomarker profile for environmental pollutant 
monitoring should consist of a subset of proteins that are robust against external factors 
other than the one under investigation. 
3.3.4 Gender-specific responses 
Protein expression was altered differently in males and females following 
exposure. For example, M/Z 3952 Da, 6302 Da, 7017 Da, 23690 Da, and 69213 Da 
were down-regulated in females and up-regulated hi males, while M/Z 4155Da was up­
regulated in females and down-regulated in males (Table 3-5) Another 40 peaks were 
significantly altered only in males, 9 of which showed similar response to each 
treatment, 9 that responded only to oil exposure and 22 that responded only to the 
spiked oil treatment (Table 3-5) Similarly, 36 peaks were affected only in females, 8 by 
both exposures, 8 by oil and 20 by spiked oil. Common response in males and females 
were observed for 20 peaks (Table 3-5). 
An attempt was made to create a prediction model for classification of mussels 
firom 6 different treatment groups (i.e. mussels firom the 3 treatment groups divided into 
males and females). The best model included 31 M/Z values as classifiers and managed 
to predict blind samples of control males and females, oil-exposed males, and females 
exposed to spiked oil with 80% accuracy. While 70% of the oil-exposed females were 
classified correctly, 30% were misclassified as control males. Only 60% of males 
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exposed to spiked oil were correctly classified. The remaining 40% were misclassified 
as control females. However, when the number of classifiers are so high, there is a great 
risk of overfittmg the data (e.g. Lay et al. 2006) leadmg to false results. The most 
trustable models are those with only 2-3 classifiers, unless the sample group is 
sufficiently large (Lay et al. 2006). Furthermore, without knowledge of the protein 
identity and fimction, it is difficult to interpret the fimctional relevance of these 
findings. For example, are gender-specific responses an indication of endocrine 
disruption? Oil-production related effluents, PAHs and particularly APs have been 
associated with endocrine disruption and the estrogenic activity of APs m fish has been 
well established both m vitro and hi vivo (White et al. 1994; Nimrod and Benson 1996; 
Arukwe et al. 2000, 2001). Modulated steroid metabohsm in echinoderms (Den Besten 
et all993), as weU as effects on moulting and reproduction in male grass shrimps, and 
offspring of exposed mothers (Oberdorster et al. 2000), has been observed following 
exposure to PAHs. Krause et al. (1994) found that the reproduction of caged sea urchins 
was impahed up to 100 metres from a produced water outfall. Similarly, the 
reproductive performances and growth rate of caged mussels were disrupted between 
100 and 1000 metres from an active produced water discharge (Osenberg et al. 1992). 
Negative effects of gonadal development in mussels from the present exposure study, as 
well as an induction of vitellogenin-like proteins in both males and females have been 
reported by Aarab et al. (2004). However, even though both oil and compoimds in the 
spiked oil mixtures clearly have the potential to interfere with endocrine fimctions, the 
explanation for gender-specific responses may be another than endocrme disruption. 
Alternatively, males and females may have different susceptibility to one or several of 
the different toxicities potentially induced by oil, or oil in combination with APs and 
PAHs; this remains to be mvestigated. 
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Finding the function and fiill identity of the discrimmating protein and peptide 
features was beyond the scope of this study. Nevertheless, it is important to link key 
molecules and their fimctions to provide essential mechanistic mformation of the 
underlymg toxicity, as well as to provide a basis for antibody production of a set of 
biomarkers as robust alternatives or complements to single endpomt biomarkers. 
Despite the precision of the mass information yielded by the SELDI technique, the 
analysis does not directly provide a sequence-based identification. Furthermore, 
information regarding how post-translation modifications might have altered the protein 
size is not provided. Additional effort is therefore necessary to reveal the true identity of 
the protein(s) of interest. Several biomedical studies have identified key proteins 
discovered utiUsing ProteinChip® array technology in combination with SELDI TOF 
MS (e.g. Thulashaman et al. 2001; Zhang et al. 2002; Diamond et al. 2003; Sanchez et 
al. 2004). A detailed description of methodology for protein purification and 
characterisation that is applicable to ProtemChip arrays is described in Caputo et al. 
(2003). 
3.3.5 Gender-specific protein patterns 
Grouping all 210 samples by gender, independent of exposure, identified 64 distinct 
mass peaks differing between the two genders with a p-value less than 0.05. The 
number of female-specific and male-specific peaks was identical (i.e. 32). These peaks 
were predommant m one of the genders in all treatment groups. Examples of gender-
specific peaks are shown m Figure 3-2. For example, M/Z 5866 Da revealed a 25 fold 
higher expression m males when samples were compared as either males or females 
independent of exposure. Another peak, M/Z 5970 Da, primarily expressed m females, 
was also induced in males exposed to spiked oil. 
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Peak 
Intensity 
5800 6000 6200 
M/Z (Da) 
Figure 3-2. Gender-specific protein forms. Partial protein expression profile showing examples of mass 
peaks primarily expressed in either females or males; visualised as "gel-view" (top) and "spectra-overlay" 
(bottom). A: M/Z 5866 Da, 25 fold up-regulated in males when males and females are compared 
independent of exposure. B: M/Z 5970 Da, expressed in females (3.5 fold up-regulated in average) and 
males exposed to spiked oil. 
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Classification tree analysis showed that no single protein or peptide peak was 
able to completely separate the two genders (Figures 3-3 and 3-4). When data Irom 150 
plasma samples were used as mputs for analysis with Biomarker Pattem '^^  software, 
the software created 4 different classification models (i.e. the blue squares m Figure 3-
2) based on 1- 6 peaks, respectively (for classification of males versus females). The 
software automatically highlights the 'best' model, which is usually the one with the 
least number of nodes (classifiers) in combination with the lowest 'relative cost'. The 
'relative cost' is a measure of the ration between the misclassification rate and the 
number of nodes (classifiers/peaks) in the classification tree. Thus, the best model 
(algorithm) will be the one that achieves the relative best classification of the dataset 
usmg the lowest number of nodes. The output of this evaluation is given as the cost 
value, and hence a low cost value indicates a good classification model (Ciphergen 
Biosystems). 
0 2 4 6 8 
Number of Nodes 
Figure 3-3. Classification models created with Biomarker Pattem software when data fi'om 150 plasma 
samples (grouped by gender independent of exposure) were fed to the software. Each of the blue squares 
represent a classification model widi a certain number of predictors/classifiers (indicated by the number 
of nodes on die x-axis) needed for accurate classification of test samples. The relaUve cost (y-axis) 
indicates how accurate the model is. 
The best model for gender determination (i.e. green line m Figure 3-3) used a 
combmation of only 2 peaks at M/Z 5866 Da and 7853 Da respectively to classify males 
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3.3.6 Reproducibility 
A great challenge with any new method is to ensure that it is reproducible and, 
hence, rehable. To monitor the reproducibility between ProteinChip arrays m the 
present study, two control samples were divided into three rephcates that were 
incubated and analysed on three different arrays (Figure 3-5). The coefficient of 
variance (CV) calculated for 149 M/Z values (between 2.5 and 180 kDa) m the two 
samples varied between 0.6 - 7.9% in sample 1 and between 0.7 - 13.3% in sample 2. 
CV calculations were performed before mass and intensity normalisation of spectra. 
Results revealed that spot-to-spot variability for a sample is much less than the 
individual variability (see Figure 3-5, comparison of'gel-views' from control sample 1 
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3.3.7 Use of (prote)omic data in risk assessment 
Any effective environmental management strategy is dependent on accurate risk 
assessment to minimise potential harinflil consequences of man-made and natural 
environmental impacts on ecosystem and human health. There is general agreement that 
current procedures, includmg determination of physical and chemical variables or 
measurements of whole-organism responses (e.g. mortality, growth, reproduction) of 
generally sensitive indicator species, have limited ability to predict the likely adverse 
effects of anthropogenic pollutants or activities on complex ecosystems and their 
components (Peakall 1992; Galloway et al. 2004a; Galloway et al. 2004b; Moore et al. 
2004; Snape et al. 2004). Although such approaches are useful for identifying chemicals 
of potential concern, selected endpoints should also include those capable of evaluatmg 
the sublethal toxicity, chemical mode(s) of action, critical "exposure windows", 
threshold levels of various types of toxicity (e.g. immunotoxicity, genotoxicity, 
endocrine disruption), variation in response and susceptibility, effect of various factors 
like genetics, gender, age, diet, reproductive cycles etc. (Schlenk 1999; Gibb et al. 2002; 
MacGregor 2003; Moore et al. 2004). 
Currently, there is no single method available that covers aU the factors identified in 
the previous section. A multidisciplmary approach is, therefore, necessary to provide a 
more hohstic understanding of the fate and effects of chemicals, and hence a more 
accurate prediction of potential risks. Includmg proteomics and other 'omics' 
technologies in existmg risk assessment approaches has many advantages. For example, 
it would allow high throughput screening of potential changes hi thousands of cellular 
molecules simultaneously and, hence, provide a more rapid evaluation of a chemical's 
toxic potential. As changes in cellular molecules are thought to precede toxic outcomes, 
the response patterns could be used to predict toxic responses at an early stage for a 
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wide variety of species. Cunningham et al. (2003) suggested two possible approaches to 
incorporate 'omic' data in (eco)toxicology: (1) a target approach in which one assesses 
the expression levels of key biochemical pathways identified a priori, and (2) a 
"shotgun" approach in which gene (protein and metabolite) expression profiling, 
coupled with biomformatics techniques, is used to identify those key pathways. 
Proteomic approaches are now actively used, for instance, in cancer risk and 
response assessment in human medicine, as the technology allows detection of cancers 
at their earliest stages, even hi the pre-malignant state, and ultimately translates into a 
higher cure rate (Petricoin and Liotta 2004b). Additionally, the information obtamed'by 
these global analyses is used to identify high-risk patients, cause or consequence of 
disease processes, and how each individual patient responds to therapy. 
In spite of the potential of 'omic' data, regulatory bodies will need to gain 
confidence in the accuracy, reproducibility, sensitivity, and robustness of these new 
methods in order to fully mtegrate 'omic' information into risk and safety assessment. 
3.4 Conclusions 
The hypothesis tested m this chapter was that exposing mussels to oil alone, or 
oil spiked with APs and extra PAHs would result in unique combinations of expressed 
protein species that could be indicative of either exposure or effect. The results 
revealed specific protein expression profiles that could be used to distinguish: (1) 
controls from exposed organisms, (2) type of exposure, (3) degree of response, and (4) 
males from females independent of exposure. Additionally, males and females 
responded differently to exposure, in the sense that exposure affected different protem 
forms m the two genders. The latter indicates the necessity of knowing the gender of 
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the test organisms, as well as having a balanced distribution of males and females in the 
different exposure groups. The potential mechanisms of actions behind the complex 
response-patterns have not been investigated in this study, however, certain trends were 
observed (e.g. females exposed to oil showed similar protein expression patterns as 
control males, while males exposed to spiked oil revealed patterns similar to control 
females). Additionally, results indicated that mixmg crude oil with APs and PAHs 
enhanced the effect of crude oil alone, as some of the protein features altered by both 
exposure regimes, showed a higher degree of response (as fold change in expression) in 
mussels treated with the mixture. Results from the present study clearly indicate that the 
proteome contains information about both specific stressors and their effects, 
highlightmg that an ecotoxicoproteomic approach has the potential to make a valuable 
contribution to envhronmental research, as well as envhonmental risk assessment that 
complements existing methodologies. However, for ecotoxicoproteomics to fulfil its 
potential, national and international collaboration will be essential in order to obtain 
necessary baseline information, genomic sequence information (particularly for non-
model species), as well as a standardisation of methods to ensure both inter-experiment 
and inter-laboratory reproducibility. Furthermore, more knowledge is required on 
species and gender-specific susceptibility to environmental pollutants before cause-
effect relationship for any chemical can be ascertained and true 'safe'-levels assigned 
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4. f Introduction 
Endocrine disrupting chemicals (EDCs) are a major problem in the aquatic 
envhonment with clear negative impacts for wildlife (e.g. IPCS 2002). Some EDCs 
known to exert profound and deleterious effects on wildlife (and humans) are prohibited 
and others have very restricted use (e.g. DDT, PCBs and TBT). Nevertheless, as many 
of these EDCs are persistent and bio accumulative, they are still found in relatively high 
concentrations in both sediment and food webs globally, and continue to have an impact 
on hfe and ecological processes (e.g. Breivik et al. 2002; Liu et al. 2008). Additionally, 
numerous ECDs are still m use hicluding, for example, phthalates, brominated flame 
retardants (polybrommated diphenyl ethers - PBDEs) and bisphenol A (BPA). 
The phthalates represent a class of chemicals used widely and diversely in 
mdustry in the production of polyvinyl chloride and, to a lesser" degree, in paints, 
lacquers and cosmetics (Harris et all997). They are released into the environment both 
during the manufacturing" processes and during the life time of the manufactured 
products, and have been detected in sediment, water and air (Fatoki and Vernon 1990). 
Epidemiological studies with humans have shown that phthalates induce adverse health 
effects such as disorders in the male reproductive tract and breast, are responsible for 
testicular cancers and disrupt the neuroendocrine system (e.g. Spelsberg and Riggs 
1987; Sharpe and Shakkebaek 1993). Most studies assessing the toxic effects of 
phthalates on aquatic species have been restricted to acute and chronic toxicity tests 
including the LC50 (median lethal concentration), EC50 (median effect concentration, 
that is the concentration that produces a defined effect on 50% of the population) and 
the NOEC (No Observed Effect Concentration) (e.g. reviewed by Staples et al. 1997). 
Recent studies have reported both genotoxic effects (Barsiene et al. 2006b) of diallyl 
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phtalate (DAP), and effects on cell signallmg systems (i.e. tyrosine kinase activity) in 
bivalve molluscs (Burlahdo et al. 2006). Furthermorej mussels (Mytilus edulis) exposed 
to DAP showed altered ovoc5'te development and inhibited expression of vitellogenin-
like protems (Aarab et al. 2006). 
Polybrommated diphenyl ethers (PBDEs) are a group of flame retardants that 
involve 209 different congeners, varying in both number and position of bromination 
(Bimbaum and Staskal 2004). They are used as a flame retardant hi plastics and in 
textile coatmg (WHO 1994). PBDEs are structurally comparable to PCBs and DDT, and 
have similar chemical properties, persistence and distribution in the environment 
(Gustafeson et al. 1999; HeUeday et al. 1999). PBDEs have been detected m wildhfe 
samples aroimd the world, including the Arctic (e.g. DeWit 2002; Law et al. 2003; 
2006), and their fate and potential effects on man and wildlife have raised major 
concerns (McDonald 2002; Damerud 2003; Bhnbaum and Staskal 2004; McDonald 
2005). Cmrently, one of the greatest concerns for potential adverse effects of PBDEs 
relates to theh developmental neurotoxicity (e.g. Bimbaum and Staskal 2004; Costa and 
Giordana 2007), although there are conflicting reports regarding the genotoxicity of 
PBDEs. Evandri et al. (2003) did not find BDE-99 to be genotoxic in viti-o, however, a 
recent study reported genotoxic effects in bivalves following exposure to BDE-47 
(Barsiene et al. 2006b). Some PBDEs may have endocrine disrupting effects (Legler 
and Brouwer 2003; Vos et al. 2003), as they have been shown to interact as antagonists 
or agonists at androgen, progesterone, and estrogen receptors (Meerts et al. 2001; 
Hamers et al. 2006). Additionally, hydroxylated PBDEs are structurally very similar to 
thyroid hormones, and have been reported to disrupt thyroid homeostasis (e.g. Meerts et 
al. 2000; Boas et al. 2006). 
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Bisphenol A (BPA; 4, 4-isopropylidene diphenol) is a chemical intermediate 
used primarily in the production of epoxy resins and polycarbonate products. Because 
of its extensive use in the manufacture of consumer goods and products, including 
polycarbonate food containers and utensils, dental sealants, protective coatings, some 
flame retardants, and water supply pipes, there is a widespread and well-documented 
human exposure to BPA (reviewed m Kang et al. 2006). Although very few studies 
have reported concentration levels of BPA in wildlife, Basheer et aL (2004) recorded 
between 13.3 and 213.1 ngg~^ w.w. of bisphenol-A hi supermarket seafood from 
Singapore (i.e. prawn, crab, blood cockle, white clam, squid, and fish). Pojana et al. 
(2007) reported the occurrence and distribution of several EDCs, includmg BPA, in 
water, sediment and biota (Mediterranean mussel, Mytilus galloprovincialis) m the 
Venice lagoon. Moreover, BPA has a widespread distribution in surface waters and 
sediment worldwide (reviewed by Crain et al. 2007), with the highest concentrations of 
BPA found at landfill leachate and sewage treatment effluents. Numerous studies have 
investigated the effect of BPA on wildhfe, and extensive evidence indicates that BPA 
induces feminization during gonadal ontogeny of fishes, reptiles and bhds, although at 
concentrations above those found hi the envhonment (Crain et al. 2007). Most of the 
reported effects of BPA on vertebrate wildlife species can be attributed to BPA acting 
as an estrogen receptor agonist, but the action of BPA extends beyond its ability to 
mimic, enhance or inhibit the activity of endogenous estrogens and/or disrupt estrogen 
nuclear hormone receptor action. Other observed effects and action of BPA are 
extensive and include dishiption of thyroid hormone function, diverse influences on 
development, differentiation and function of the central nervous system, mfluence on 
the hnmune system, and modification of cytochrome P450 enzyme expression and 
activity (reviewed in Wetherill et al. 2007). Furthermore, species-specific effects on 
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protein expression in fish, followmg exposure to BPA, have been reported (Larsen et al. 
2006). Little is knOwn regarding both the effects and chemical modes of action for BPA 
in invertebrates (Crain et al. 2007). However, an increasing number of invertebrate 
studies have been undertaken as the importance of this group of animals (in both 
ecosystem functioning and aquaculture, e.g. Saavedra and Bachere 2006) is becoming 
more apparent. For example, Canesi et al. (2007) demonstrated that BPA altered the 
gene expression, the activities of enzymes involved in the redox balance, and the 
lysosomal function m molluscs (i.e. Mytilus galloprovincialis), and concluded that 
BPA, at envhonmentally-relevant concentrations, potentially can have similar estrogen­
like effects (and other effects) in invertebrates as those reported m vertebrates. 
While the exposure of wildlife species and humans to phthalates, PBDEs and 
BPA has been reported increasingly in the literature, there are significant gaps regarding 
their general ecological effects. Moreover, very little is known regarding their molecular 
mechanisms of action, dose-response relationships, critical developmental windows of 
exposure, or species and gender-specific impacts of exposure (e.g Crain 2007; Wetherill 
2007: Vos et al. 2003). This is particularly true for invertebrate species (e.g. extensively 
addressed in a special issue of Ecotoxicology; Volume: 16 Issue: 1 Pubhshed: 
February 2007). Consequently, there are many concerns and challenges in the risk 
assessment of EDCs m the aquatic envhonment (Breitholtz et al. 2006). For example, to 
detennine potential risk of EDCs, current toxicity studies are conducted on a selected 
few 'suitable' model animals (sentinels), and results are subsequently extrapolated to 
other wildhfe species and humans. In almost aU cases, quantitative differences in dose-
response relationship exist between model species and other target species (e.g. 
Aardema and MacGregor 2003; IPCS 2002; DeFm: et al. 1999). In some cases, 
biological responses to a given exposure may also differ qualitatively (e.g. as observed 
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in Chiapter 3, certain protein forms were upregulated in male organism while they were 
downregulated m females, and vice versa, followmg the same exposure regime). Given 
the great differences m, the endocrinology of males and females, vertebrates and 
invertebrates (as weU as between various mvertebrate taxa and phyla), there are most 
likely numerous of species -and gender-specific modes of action for envhonmental 
chemicals. Thus there is a need for so-caUed 'bridgmg biomarkers' (Aardema and 
MacGregor 2003) that can be used to compare toxic responses between species. One 
promising approach is to compare the gene and protein expression in 'model' and 
'target' species, where similar expression patterns could indicate similar'molecular 
damage and response (and hence support the relevance of chosen model species). 
Likewise, dissimilar pattem could mdicate the lack of relevance of extrapolation of 
effects between model and target species. 
The aim of the present study was to use a proteomics approach to assess the 
potential species and gender differences between mvertebrates in response to exposure 
to EDCs, and thus evaluate the utility of proteomics in providing useful information for 
envhonmental assessment regarding, for example, species (and gender) susceptibility to 
EDCs. To achieve this aim, the effects of BPA, diallyl phthalate (DAP) and 2,2',4,4'-
tetrabromodiphenyl ether (BDE-47), on protein expression profiles in two mvertebrate 
species, i.e. blue mussels (Mytilus edulis) and spider crabs (Hyas araneus) were 
investigated. The hypothesis was that protem expression signatures would contam 
information that was sensitive and specific to species and gender for each of the 
selected test compounds. 
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4.2 Material and methods 
Mussels (Mytilus edulis) and spider crabs (Hyas araneus) were collected in 
March 2003 from Forlandsf orden and Krokaneset, respectively (see Figures 2-12 and 2-
13), and then exposed for three weeks in the continuous (steady-state) system described 
m Chapter 2.3 (Figure 2-14) and shown m Figme 4-1, to nonunal concentrations of 50 
ppb DAP, 5 ppb BDE-47, 50 ppb BPA, or filtered seawater (i.e. control groups). 
Chemical structures of the compounds as well as suppher mformation are shown in 
Table 4-1. It would have been beneficial to the experiment to test more than one dose of 
each compound (e.g. in order to discover potential threshold levels for effects of the 
selected compounds). However, given the space available m the test facility, this was 
not possible in the present study. 
Table 4-1. Exposure compounds, i.e. BPA, BDE-47 and DAP. 
C^nirgipheiit Sinktiize Purity Duratiahaf 
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Mussels Spider crabs 
Figure 4-1. Diagram of tlie continuous flow system as used in this study. 
4.2.1 Monitoring of ECDs during exposure 
Exposure concentrations of ECDs in water were monitored during the course of 
the experiment as described in Table 4-2. Additionally, PBDEs were measured once (at 
the end of the experiment) in whole mussel tissue. All chemical analyses in this study 
have been done by Dr. Cato Brede (at Stavanger University Hospital) and Dr. Dorte 
Herzke (at Norwegian Institute for Ah Research), and analytical details are given in 
Sundt et al. 2006. 








Bisphenol A 50(ig/L 59,4 ±10,659 pgfL 7 GC-MS 
BDE47 0.23 ±0,189 \iifL* 8 GCP, Fbrisil 
chromatography GC-
MS-EI (DB5MS) 
DAP 50 [ig/L 38,3 ±9,693 pgfL 6 GC-MS 
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Exposure monitoring revealed that the average water concentration of BDE-47 was only 
4.6% of nominal concentration (5 ppb). However, uptake of BDE-47 in mussels was 
confirmed by analysis of whole soft tissues. The results revealed that 225 (xg/g soft 
tissues (lipid normalised) had been uptaken by the mussels. The low concentration 
measured m water could be explamed by the fact that the pure BDE-47 was adsorbed to 
particles, e.g. food reminders and faeces, or the container walls, and by this very easy 
accessiblefof the animals leading to dhect intake of the substance (Sundt et al. 2006). 
4.2.2 Sample collection 
Haemolymph samples-from mussels and crabs were collected according to the 
description given in Chapter 2.1.1 and Figure 2-1. A total of 80 mussels (40 females and 
40 males; shell size 7.2 ± 0.8 cm) and 60 crabs (30 females and 30 males; carapace 
width 4.6 ± 0.7 cm) was sampled and analysed per treatment. 
4.2.3 Sample preparation on ProteinChip arrays 
ProtehiChip arrays with weak cation exchange surfaces properties (WCX-arrays) 
were used for protein profiling of both mussel and spider crab plasma. Analyses were 
conducted according to the sample preparation protocol outlined in Table 2-7. 
4.2.4 SELDI TOF MS analysis 
Following sample preparation and incubation, all arrays were analysed 
immediately on a PBS-IIc tune of flight mass spectrometer using ProteinChip Software 
version 3.1 Mass spectra were recorded twice from each sample on the following 
settings: 91/112 laser shots/sample in a positive ionisation mode (65/80 of the shots 
were collected, startmg at position 20 and ending at position 80 of the spot), detector 
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voltage 2850 V, data acquisition from 0- 200000 Da, and optimum mass range ft)cus 
• from 2500-15000 Da/10000-200000 Da Laser intensities and detector sensitivities for 
mussels and crabs are given in Table 4-3. 
Table 4-3. Acquisition parameters (i.e. laser intensities and detector sensitivities) used for mussels and 
spider crabs in thelow-molecular weight (LM) and hiigh-molecular weight (HM) runs. 
Species Laser intensity Detector sensitivity 
LM run HM run LM run HM run 
Mussels 190 195 7 8 
Spider crabs 187 190 7 8 
The PBS-IIc instrument was calibrated externally with bovine insulin (5733.5 Da) and 
bovine IgG (147300 Da) mass standards (Bio-Rad). In addition, each mass spectrum 
was cahbrated using calibration equations prepared by four standards for low mass 
spectra [i.e. Dynorphm A (2147.5 Da), Insulm bovme (5733.6 Da), Ubiquitm (8564.8 
Da), Cytochrome C bovme (12230.9 Da)] and four standards for high mass spectra [i.e. 
Bovme P-Lactoglobulm A (18363.3 Da), Horseradish Peroxidase (43240.0 Da), Serum 
Albumm bovme (66433.0 Da) and IgG bovme (147300 Da)]. 
4.2.5 Data handling and statistics 
Preliminary data processing was done m the Biomarker Wizard feature of 
ProteinChip Software (version 3.1). Mass spectra from aU treatment groups were 
imported into one experimental file. Baseline subtraction was performed and the spectra 
were mass aligned using three M/Z values prominent in all spectra (4036 Da, 12470 Da 
and 27402 Da for mussels, and 4225 Da, 11377 Da, 36600 Da for spider crabs). Further 
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data processing and biomarker discovery, with uni- and multivariate statistics, were 
done according to the description given in Chapter 2.1.4. Furthermore, data sets for 
decision tree classification (with Biomarker Pattem™ Software) were separated 
randomly into a trainmg set and a test set before analysis. The training sets consisted of 
data from 50 mussels and 40 crabs per group, while the test sets included data from 30 
mussels and 20 crabs per group. For each dataset, all acquhed data (mass peaks with 
signal-to-noise ratios greater than or equal to 5) from both the low-mass run and the 
high-mass run were compiled. In addition, multidimensional scaling analyses (MDS) 
usmg PRIMER software version 6, were performed with all acquhed data from 80 
mussels or 60 crabs as mput. MDS was used to indicate the shnilarities (and 
dissimilarities) between pahs of units. Samples are presented as pomts in low-
dimensional space (normally 2D or 3D) so that the relative distances apart from all 
points are m the same rank order as the relative dissimilarities of the samples (Galloway 
et al. 2004; Gomiero et al. 2006). 
4.3 Results and discussions 
The h3'pothesis tested in this study was that protein expression signatures would 
contain information that was sensitive and specific to species and gender for each of the 
selected test compounds. Results obtained with plasma proteome analysis of mussels 
and spider crabs confirmed this hypothesis. When data were coUected at the highest 
sensitivity (and not filtered for electronic and chemical noise), profilmg of mussel and 
spider crab plasma on WCX ProtemChip arrays revealed 2349 and 3023 distmct peaks, 
and corresponding M/Z values for mussels and crabs respectively. Removal of all peaks 
other than those with a signal to noise greater than or equal to 5 (present within the mass 
range of2000 to 200000 Da) resulted m 257 peaks for mussels and 328 peaks for spider 
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crabs. These were further analysed and were predommantly low-molecular weight-
protehi forms (i.e. 82 % of the detected protein forms m mussel plasma had M/Z values 
less than 20000 Da) which is in accordance with findings in Chapter 3, where 81% of 
the detected peaks were below 20000 Da (Bjomstad ef al. 2006). Similarly, mass 
spectra of spider crab plasma revealed that 89% of the protein features had M/Z values 
less than 20000 Da. The reason for the uneven distribution of masses for detected 
protein features is most likely technology-related, as the ProteinChip technology is most 
effective at profiling low mass molecules (i.e. < 20000 Da), hi contrast to 2D gel 
electrophoresis that favours detection of protein forms greater than 20000 Da (e.g. Issaq 
et al. 2002). However, mformation regardmg the difference between exposed organisms 
and controls was clearly present in the subset of the proteomes resolved by SELDI TOF 
MS. 
4.3.1 General response 
SELDI TOF MS analyses of plasma samples obtained from Mytilus edulis and 
Hyas araneus following exposure to three different EDCs, indicated that all chemicals 
tested had an effect on protem expression in mussels and spider crabs. For both species, 
a significant alteration (p < 0.05) in expression was observed in a high percentage of the 
peaks that were successfully resolved and displayed by the ProteinChip technology 
(Table 4-4). While 32 - 70% of the total numbers of detected peaks revealed 
significantly altered expression in mussels, 40 - 69% of the peaks were affected in crabs 
(see Table 4-4 for summery of affected peaks in the different exposure groups). Al l 
exposure reghnes had a predominantly upregulating effect on protein expression in 
spider crab plasma. In mussels, however, both BDE-47 and BPA exposure caused 
reduced expression of the majority of detected protehi forms (Table 4-4) with, for 
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example, 85% (females) and 83% (males).down-regulated peaks in BPA-exposed 
mussels. 
Table 4-4. Summary of significantly (p < 0.05) upregulated (Up) and dowmegulated (Down) peaks in 
various exposure regimes for spider crabs {Hyas araneaus) and mussels {Mytilus edulis). 
Spider crabs (H. araneaus) Mussels (M edulis) 
Exposure Gender Up Down Exposure Gender Up Down E 
DAP ? 129 98 227 DAP ? 59 33 92 
79 74 153 S 47 36 83 
BDE-47 ? 82 45 127 BDE-47 ? 49 93 142 
S 86 72 158 48 73 121 
BPA $ 136 84 220 BPA ? 20 114 134 
6 67 86 153 3 30 149 179 
n = 328 resolved peaks with S/N >5 n = 227 resolved peaks with S/N >5 
Note. 9 = female, ($ = male, E = total number of significantly altered peaks, S/N = signal-to-noise ratio 
Average changes in protem expression (as the ratio of protein expression in exposed 
organisms/ protem expression levels in controls) were shnilar for aU exposure groups 
(i.e. approximately two-fold, when all peaks detected for males and females were 
combined). The greatest average change m expression was observed in mussels exposed 
to BPA (2.3-fold), and the lowest m spider crabs exposed to BDE-47 (1.8-fold). 
Moreover, examination of differences m protein expression levels between exposed 
organisms and controls, males versus females, and mussels versus crabs revealed very 
complex responses to EDCs that are discussed below. 
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4.3.2 Treatment-specific response 
Results from the present.study, revealed that all exposure reghnes affected 
protem expression in mussels and spider crabs m a treatment-specific manner (in the 
sense that both the quantity and quahty of mass peaks that were changed after exposure 
were unique for each compound), although similar responses (e.g. protein features that 
were affected by 2 or 3 compounds) were also observed (Figure 4-2). In Figure 4-2, 
each ring contains the number of proteins significantly (p < 0.05) altered only by the 
indicated groups. These protein forms could be specific biomarker candidates used to 
predict and recognize damaging effects of that particular compound. The overlapping 
areas, however, reveals the numbers of peaks that were changed by two compounds. 
These 'shared' responses could be indicative of similar modes of chemical actions for 
the two compounds, and thus the peaks could be potential biomarkers of chemical class-
specific cellular pertwbations (e.g. Hughes et al. 2000). The area in the middle of the 
diagram shows those protein species that were altered by all compounds, and could 
reflect more general toxic responses. In female crabs, for example, 100 peaks were 
significantly mduced or repressed by all exposures (Figure 4-2 C), while 80 peaks were 
significantly ahered by aU compounds in male crabs (Figure 4-2 D). There is evidence 
that expression of muftiple proteins is closely related to stressors and can be used to 
diagnose not only exposure to a particular chemical or toxic effect, but also its level of 
severity (Bradley et al. 2002). Different levels of severity (i.e. as number of 
significantly affected protem forms) were also observed after exposure to DAP, BPA 
and BDE-47 for both mussels and crabs, although not the same in the two species 
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crabs (Figure 4-2 G). Wliiie BPA exhibits multiple mechanisms of toxicity (reviewed m 
e.g. Wetherill et al. 2007; Crain et al. 2007), very httle is known regardmg mechanisnis 
of action for phthalates, in general. However, both Bisphenol A and phthalates have 
been associated with estrogenic effects (e.g. Jobling et al. 1995) although the 
mechanisms of action for phthalates are debated (e.g. Gray et al. 2001). Furthermore, 
steroid molecules are present in aU invertebrates (Lafont and Mathieu 2007) and some 
have hormonal roles (e.g. ecdysteroids in arthropods). This implies that they are 
susceptible to disruption by compounds with shnilar chemical structure as the steroid 
hormones. Moreover, many of the observed common effects could be non-specific 
stress responses, which may be found in many types of exposures at certain exposure 
concentrations, or compound related responses that are not associated with endocrine 
disruption. Recent studies have shown that DAP, BDE-47 and BPA affected several 
types of toxicity in a compound-specific manner m mussels (summarised in Table 4-5) 
and spider crabs (summarised in Table 4-6). For example, in mussels, while BDE-47 
showed the greatest effect on genotoxic endpomts like micronuclei formation and other 
nuclear abnormalities (Barsiene et al. 2006b), as weU as DNA strand breaks in sperm 
cehs (Taban et al. 2003), BPA had a more significant effect on stress protems (Jonsson 
et al. 2006a), general protein expression (Apraiz et al. 2006, and present study), and cell 
signalling (Burlando et al. 2006), (Table 4-5). DAP; on the other hand, generated the 
most significant effect on multixenobiotic resistance, acetyl-choline esterase activity 
and total oxyradical scavenging capacity in spider crabs (Minier et al. 2008). 
Furthermore, DAP had the greatest impact (i.e. as number of differently expressed 
peaks compared to controls) on protein expression in spider crabs (e.g. Table 4-6). 
Chapter 4. Species and gender-specific responses.to EDCs A. Bprnstad 
Table 4-5. Summary of treatment-specific responses in mussels (Mytilus edulis) following exposure to. 
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Gills ns p<0.0001 p<0.05 - Barsiene et 
al. 2006b 
DNA damage 
(by Comet assay) 
Blood 
(haemocytes) 
ns ns p<0.0001 - Taban et al. 
2003 
DNA damage 
(by Comet assay) 
Mantle 
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p<0.05 p<0.05 ns DAP>BDE-47 Cajaraville et 
al. 2006 
Histopathology-
reduced size and 
Mantle p<0.05* ns ns - Aarab et al. 
2006 
number of ovocytes 
Note. When specific significance levels are not provided in the reference, p < 0.05* are used to signal 
significant response in exposed organisms. 
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Table 4-6 Summary of treatment-specific responses in spider crabs (Hyas araneus) following exposure to 
DAP, BDE-47 and BPA (ns = not significant response, M X R = multbcenobiotic resistanc.e,.TOSC = total . 
oxyradical scavenging capacity). 
Treatment 
Strength of response 
















M X R protein 
expression 






p<0.01 p<0.05 p<0.01 DAP>BPA>BDE-
47 






Hepatopancreas p<0.05 ns ns Minier et al. 
2008 
Cell viability 
(by Neutral Red 
assay) 














Note. When specific significance levels are not provided in tiie reference, p < 0.05* are used to signal 
significant response in exposed organisms 
Tlie cause-effect relationsliips for the observed treatment-related effects on both 
protein expression and other biomarker endpoints (Tables 4-5 and 4-6) cannot be 
identified from present results or available scientific literature and need further 
investigation. Furthermore, species and gender-specific vulnerability to adverse effects 
must be taken into consideration before any cause-effect relationship for any chemical 
can be ascertained. 
4.3.3 Species similarities and differences 
While risk assessment for human health is focussed on one species, 
envhonmental risk assessment (ERA) should ideally consider all the species present in 
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the impacted environment, each with specific trophic, physiological and ecological 
requirements (e.g. Breithohz et al. 2006). Clearly this is impractical and, as a resuU, it 
is unclear whether information on the effects of a given chemical for one species (or 
taxonomic group) can be extrapolated to protect other species, as one animal's poison 
may not be another's (Sumpter and Johnson 2005). Therefore, it is of great importance 
to identify (the most) sensitive species and subpopulations before guidelines and 
regulations are made regarding 'safe' levels of anthropogenic chemicals. 
In the present study, plasma protein expression profiles for mussels and spider 
crabs were different even in control organisms (e.g. see Figure 2-5). This was not 
surprising since even related mussel species (i.e. Mytilus edulis, Mytilus 
galloprovincialis and Mytilus trossulus) have different protein/peptide expression 
profiles (Lopez et al. 2002). Species comparisons in this study were therefore based on 
'degree of response' (as percentage of affected protein features) and 'response pattern' 
(as up/downregulation and most affected exposure groups). 
Figure 4-3. Multidimensional scaling representation (MDS) of similarities and differences between 
exposure groups (females and males combined) and species. The analysis is based on a similarity matrix 
constructed using normalised Euclidian Distances. Data inputs were all plasma-protein peaks with S/N > 
5 for (a) spider crabs and (b) blue mussels, where each symbol represents mean peak intensity for all the 
individuals in one exposure group. 
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To visuaKse which of-the species that showed the greatest discrimmation between, 
controls and exposed organisms, a multidimensional scalmg analysis was performed 
usmg PRIMER software (Figure 4-3). Similar to resuhs in Table 4-4 and Figure 4-2, the 
MDS plots indicate that Mytilus edulis and Hyas araneus have different susceptibility to 
DAP. While DAP-exposed crabs have the most dissimilar protein expression pattem 
comparedto controls (Figure 4-3 A), DAP-exposed mussels had the most shnilar profile 
to controls (based on relative distances in the plot and thus degree of 
similarity/differences). Other than that its not possible to mterpret much from these 
plots as they are based on average data, and as such only represents the 'trends' in the 
response pattem. Nevertheless, the spread of data in the MDS plots in Figure 4-3 
indicate that the different compounds have dissimilar protem patterns, and that the two 
species have different response patterns towards the selected compounds in this study, 
which has also been indicated by univariate analysis (e.g. Figure 4-2). 
Species-related differences hi response to envhonmental pollutants have also 
been reported by Larsen et al. (2006), who found that while Nonyltnol and Bisphenol A 
affected protein expression in a similar manner in Atlantic cod (Gadus morhua), the 
same compounds induced very different responses m turbot (Scophthalmus maximus), 
indicatiag that nonylphenol and BPA only have similar modes of actions in cod, or that 
the compounds have different metabohsm rates via the phase II detoxification system in 
turbot (Larsen et al. 2006) Recently, species-specific aheration of cellular energy 
allocation was reported for Arctic crastaceans and molluscs (i.e. Gammarus setosus, 
Onisimus litoralis, and Liocyma fluctuosa) after exposure to oil-related compounds 
(Olsen et al. 2007). Wemer and Nagel (1997) found species-specific alteration of stress 
protems (i.e. hsp 60 and hsp 70) in cmstaceans (i.e. Ampelisca abdita, Rhepoxynius 
abronius and Hyalella azteca) following metal exposure. However, there are generally 
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few studies (on any wildlife specie) that have mvestigated species-specific alterations of 
protehi expression following antropogenic insults, thus a detailed comparison of the 
results fiom this study is not possible. However, to test whether multivariate 
classification algorithms could be indicative of species-specific susceptibility to EDCs, 
all MS data (i.e. resolved mass peaks and corresponding M/Z values with S/N >5) were 
exported to Biomarker Pattem™ Software for testing of prediction models classifying" 
exposed from control organism. The prediction models were created with 100 mussel 
and 80 spider crab samples (as described m Chapter 3.3.5). The best models were tested 
with 60/40 (mussels/crabs) new samples. The resuhs are summarised in Table 4-7. 
Table 4-7. Test of prediction models created with Biomarker Pattem Software for comparison of 
controls versus exposed in spider crabs (Hyas araneus ) and mussels (Mytilus edulis ). Prediction models 
were generated from 100 mussel samples and 80 samples from crabs, and subsequently tested with 60/40 
new samples from mussels and crabs, respectively. 
Prediction success(%) 
H. araneus in test samples 
Compared groups Controls Exposed Classifiers, M/Z (Da) 
C versus DAP 92 100 
2432,4510 
C versus BDE-47 72 75 
5556, 3150,2172,4887,48996, 36238 
C versus BPA 79 85 
2432,4725,48996,2071, 6439 
M. eduliis 
C versus DAP 80 79 6835,7874, 3896,4466,44005,2650, 2139, 
2013 
C versus BDE-47 87 90 
2169, 6787, 5921,40520 
C versus BPA 89 92 
2169,3675,3557 
Note. Importance of classifiers is decreasing from left to right. C = confrols, DAP = diallyl phthalate, 
BDE-47 = 2,2',4,4'-tetrabromodiphenyl ether, and BPA = bisphenol A 
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Results showed that species sensitivity was highly compound related. While plasma 
f 
samples from crabs generated the best prediction model for DAP exposure (i.e. 100% 
correct classification of exposed and 90% correct classification of controls), the best 
prediction models for BDE-47 and BPA were generated with mussel samples (Table 4-
7). Compound-related species-sensitivity was also reported by Larsen et al. (2006) for 
cod and turbot exposed to BPA and Nonylphenol. Another interesting observation 
(related to both species) was that very few classifiers (i.e. intact or rnodified proteins 
that are predommantly expressed m one of the test groups, and thus used to classify the 
test-samples into appropriate groups based on expression level of these protein forms) 
were common for the prediction models in Table 4-7. However, in spider crabs, the 
most important classifier for both controls versus DAP-exposed and control versus 
BPA-exposed organisms was M/Z 2432 Da (3 fold upregulated in BPA and 4 fold 
upregulated m DAP, males and females combined). Shnilarly in mussels, M/Z 2169 Da 
was the most important classifier in both controls versus BDE-47 and controls versus 
BPA (up-regulated 5 fold by BPA and 3 fold by BDE-47). These observations support 
the resuhs presented in Figure 4-2, where 73% of the significantly altered protem forms 
in crabs exposed to DAP and BPA are the same (only in females though), while 48% 
(females) and 44% (males) of the responses were similar hi mussels exposed to BDE-47 
and BPA. It must emphasised, however, that 'shnilar' response here only means that 
mass peaks with the same M/Z values have been significantly ahered by two different 
EDCs. To confirm that responses are truly the same in both exposure groups, 
mechanistic studies of modes of actions are requhed. Such studies could start with 
successfiil identification (with tandem MS) of some of the protein forms affected by 
both compoimds. Successfixl identification of key protems will depend on several 
factors such as availability of genome information, and resolution and mass accuracy in 
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mass-spectrometric analyses (e.g. Hu et al. 2005; 2006). The latter is particularly . 
important, when identification is based on de novo sequencing and genomic homology 
to other species, because necessary genomic sequence information is not available for 
the actual species. 
4.3.4 Gender-specific responses 
Recently, gender-related responses and susceptibility to envhonmental 
pollutants (particularly EDCs) have been addressed m several reviews and reports (e.g. 
Burger et al. 2007; Fossi et al. 2007; Gochfeld 2007; Orlando and Guillette 2007; 
McClellan-Green et al. 2007; Vahter et al. 2007). An overall conclusion is that chemical 
effects often differ by gender, but knowledge about why the effects differ is limited, 
although there are many hypothesis and possible explanations (e.g. Burger et al. 2007). 
The (prote)omics approach is recommended as one way forward, because of its ability 
to elucidate chemical modes of action, and thus improve the understanding of gender-
related responses to chemicals (Burger et al. 2007). The resuhs of this study revealed 
that a proteomic approach indeed managed to detect gender-specific plasma protehi 
profiles m both mussels and spider crabs following exposure to DAP, BDE-47 and 
BPA. Clear effect of gender in proteomic response patterns was observed for both 
species (Figure 4-4 A, B and C), but it was particularly apparent for spider crabs, where 
the compound-specific response patterns appeared to be more shnilar m males than in 
females (Figure 4-4 C). The latter could be a reflection of different types of toxicity 
induced in the two genders following exposure, indicating that threshold levels for 
effect are different m male and female crabs, or that the modes of action for these 
compounds are gender-specific. It could, however, also reflect gender-specific uptake 
and/or metabolism of the chemicals (McClellan-Green et al. 2007). Furthermore, the 
MDS plots indicated that gender-differences were increased with exposure to EDCs, 
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where exposed crabs were separated into distinct male and female clusters independent 
of exposure regime (Figure 4-4 C). The latter could be an mdication of endocrine 
disruption, however, whh different modes of action involved in males and females. 
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Figure 4-4. PRIMER MDS plots revealing gender-specific response patterns after exposure to three 
EDCs. The response patterns are based on plasma- protein expression analysis with ProteinChip 
technology and SELDI TOF MS. Inputs were 328 mass peak for spider crabs and 227 peaks for mussels 
(A) = female mussels, (B) = male mussels, and (C) = spider crabs, females and male. 9 = female, 3 = 
male. 
In general, the degree of response (as the total number of ahered protein features) in 
males and females were different m all exposure groups (Table 4-4), ahhough the 
degree of difference between genders was highly compound and species related. 
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The same gerider^ related .response trend was present m Hyas. araneus hepatopancreas 
protem profiles after exposure to DAP, BPA and BDE-47 (Gomiero et al. 2006). More 
specifically, all exposures affected a unique set of mass peaks m males and females 
(Figure 4-5), in the sense that some protehi forms were only significantly affected (p < 
0.05, usmg Mann-Whitney-Wilcoxon test incorporated in the ProteinChip software) in 
females and others only in males. Surprisingly, in aU exposure groups, except BPA 
treated mussels,, less than 50% of the significantly affected protein forms were altered in 
both genders (Figure 4-5). Furthermore, mussels and crabs showed dissimilar gender-
related response patterns (i.e. gender effects) for all compounds tested (Figure 4-5). In 
male organisms, for example, DAP affected 34% of the resolved peaks hi mussels and 
only 13% in crabs. Similarly, BPA had a significant effect on 35% of the peaks m 
mussels, while only 18% of the peaks in crabs were affected by exposure. Exposure to 
BDE-47, on the other hand, had a greater effect (i.e. as number of altered protehi forms) 
on male crabs (i.e. 41%) than on male mussels (i.e. 24%). In female organism, 
however, it was mainly BPA that revealed species-specific gender effects with 43% 
affected peaks in crab and only 11% in mussels (Figure 4-5). The explanation for the 
observed species-specific gender effects is not clear, however, abetter insight into the 
endocrmology of the two species could perhaps unravel some more hiformation (e.g. 
DeFur et al. 1999). Nevertheless, these findmgs indicate the importance of testing more 
than one species when evaluating the potential harmful effects of a compoimd. The 
biocomplexity, e.g. as shown in this study, is one of the greatest post-genome challenge 
hi ecotoxicology (Moore 2002), as it is almost impossible to assess the true risk of any 
chemical, provided both species and gender-specific responses. 
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Mussels: 
























Responses to BPA 
18% 
39% 
H Significant response only in males. 
H Significant response only in females. 
• Significant response in both genders. 
Figure 4-5. Pie ciiarts siiowing the percentage distribution of gender-specific responses of all peaks with 
significant different expression (in males and females combined) after exposure in mussels (Mytilus 
edulis) and spider crabs (Hyas araneus ). Significant = p < 0.05, tested with Mann-Whiuiey-Wilcoxon 
test incorporated in die ProteinChip software. 
For example, even among the 'common responses' (e.g. the same protein feature 
significantly ahered in both genders, in one species) the response could be different in 
the two genders. M/Z 6011 Da, for instance, was upregulated in female mussels and 
downregulated in males (Figure 4-6 b). 
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gender-specific fashion by contaminant exposure, (e.g. Janer et al. 2006). This 
complexity makes the task of understanding how gender relates to chemical 
susceptibility (and endocrine disruption) very difficult, particularly as the resuhs from 
the present study show that both species and gender-specific sensitivhy is compound 
related. As a consequence, it is not easy to confirm that an observed (gender-specific) 
effect is hi fact endocrine disruption, and not ehcited by another mode of toxicity. 
Furthermore, because some EDGs have been shownto possess mutagenic and 
carcinogenic activity (Choi et al. 2004), it is possible that there could be a Imk between 
endocrine disruption and other types of toxicity. For example, Hagger et al. (2006) 
found a strong correlation between the degree of imposex (masculmisation of females) 
and the extent of DNA damage (micronucleus formation) in haemocytes of the dog 
whelk (Mollusca: Gastropoda) Nucella lapillus. 
AA Conclusions 
To understand the mechanisms of the effects of ECDs to wildlife populations 
and subpopulations, both gender and species-specific sensitivities must be taken into 
consideration. The present study assessed species and gender similarities and 
differences in proteomic responses to bisphenol A (BPA), diallyl phthalate (DAP) and 
2,2',4,4'-tetrabromodiphenyl ether (BDE-47) m blue mussels {Mytilus edulis) and 
spider crabs {Hyas araneus). The resuhs revealed that the overall response pattem (e.g. 
number of affected protem forms, induced or suppressed expression after treatment etc.) 
was clearly different in mussels and crabs. Furthermore, species sensitivity was found to 
be highly compound related. For example, while protein expression pattems from crabs 
generated the best muhivariate classification models for DAP exposure (i.e. 100% 
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correct classification of exposed and 90% correct classificatioii;Of controls), prediction 
models based on protein profiles in mussels enabled superior classification of BDE-47 
and BPA exposure (in masked samples). The ratio of gender-specific versus 'gender-
conunon' responses varied for each treatment and species. However, as few as 25 - 54% 
of all the protein forms, whh significantly changed expression after exposure, were 
significantly ahered in both genders, indicating that combined analysis of males and 
females might resuh in hiaccurate inputs to envhonmental risk assessment; and hence 
limhed capability to predict true hisuhs of anthropogenic compounds on wildUfe. At 
present, there is very limited evidence for vertebrate and mvertebrate species that EDCs 
cause gender and species-related effects. Results from the present study indicate that 
protein expression analysis, and subsequent identification of key-molecules, could be a 
way forward in determinmg the presence and consequences of species and gender-
specific responses to contaminants. Nevertheless, much research is still requhed in 
order to hnprove our current understanding of the latter. For example, species and 
gender-specific toxicity threshold levels should be investigated at envhomnentally 
relevant exposure concentrations in order to guide decision makers regarding true 'safe-
levels' of envhonmental pollutants. 
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Chapter 5 
Dose-response relationships of oil 
on protein expression in molluscs 
and echinodernns 
Note. This study was part of the BIOSEA JIP programme, and the project leader for the echinoderm 
smdy was Dr. Renee K. Bechmann (International research institute of Stavanger, Norway), while Dr. 
Thierry Baussant (International research instimte of Stavanger, Norway) was die project leader for die 
mollusc study. For more information about the BIOSEA JIP programme, experimental designs, and 
additional results from oUier biomarker and fimess smdies, refer to Baussant (2004), Beckmann (2004), 
Bechmann et al. (2004). 
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5.7 Introduction 
The classical dose-response relationship is the fundamental basis of 
understanding the toxic effects of chemicals hi toxicology, and is generally measured as 
the chemical concentration that elicits a specified biological effect over a fixed time 
interval (Forbes, and Forbes 1994). Often, biological effects are a log-normal function of 
chemical dose, and tradhiona! enyhonmental risk a:ssessments (ERA) are founded on 
the assumption that, below a certain dose, no effects can occur due to the action.of 
repah and excretory mechanism (Matthiessen 2003). Furthermore, for a biomarker 
(molecular, cellular and physiological changes in an organism following exposure to 
various types of pollutants) to be useful m ERA, it should respond to pollutants in a 
dose-dependent manner over a concentration range of the pollutant that is 
envhonmentally meaningful (Peakall 1992). However, there are growing concerns that 
many chemicals do not have definable toxicological thresholds levels (below which 
effects are negligible or non existent), and cause effects even at very low concentration 
levels (e.g. IPCS 2002); endocrine disrupting compounds (EDCs) are a good example of 
these chemicals. Moreover, dose-response curves do not always fit the classical log-
normal (or Sigmoid), monotonic response (e.g. http://www.ourstolenfuture.org/). Some 
dose-response curves show a stimulatory response at low doses and an inhibitory 
response at higher doses; this phenomenon is termed hormesis' (Stebbing 1982; 
Calabrese and Baldwin 1997). Typically, hormesis may be graphed as U-shaped, an 
inverted U-shaped or a J-shaped dose-response curve depending on the endpoint 
evaluated (Calabrese and Baldwm 2002). Although there is clear evidence that the 
concept of hormesis is real and reproducible, and has been reported for hundreds of 
different endpoints and for many chemically-diverse agents (reviewed m Calabrese 
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2005), there is'still considerable debate and: reluctance in the scientific community to 
accept the phenomenon (e.g. Calabrese and Baldwm 2000; Kaiser 2003; Van der 
Woude 2005; Murado and Vazquez 2006; Mushak 2007; Kefford et al. 2008). Much of 
the latter is related to the lack of knowledge and understanding of mechanisms to 
account for hormesis (e.g. Tayer et al. 2005; Mushak 2007). Furthermore, hormesis is 
difficuh to distinguish from background biological variation, as it normally displays 
only a modest (typically 30-60% above/under the control level) response (Calabrese 
2005). In addition, tradhional (eco)toxicology evolved as a 'high-dose/few doses testing 
discipline', and this philosophy may have resulted in many instances of hormesis not 
being recorded because tests were not conducted with a sufficiently low range of 
chemical exposures (Chapman 2002). 
Understanding dose-effect relationships and low-dose effects remains a most 
important task for science, industry and regulatory authorities. For example, discharge 
from the oh and gas industry has received increased attention in recent years due to the 
potential ecological risks posed by some of the chemicals in the produced water (e.g. 
Durell et al. 2006; Neff et al. 2006). Usually, produced water is the largest volume of 
waste from offshore oil and gas production facihties; for example, in the North Sea, 
discharge reached an annual volume of close to 400 million m'^ /year m 2003 (DureU et 
al. 2006). The chemical composition of produced water is complex and varies from one 
weU to another (Roe Utvik 1999); however, the mam components include dispersed oil, 
dissolved hydrocarbons, organic acids, alkylphenols, metals, and traces of production 
chemicals added to the oil or produced water during production and treatment (Neff 
2002). Many of these components have been associated with effects on wildlife (e.g 
Krause 1994; Harvey et al. 1999; Giesy et al. 2000; Aas et al. 2000; Taban et al. 2004, 
Barsiene et al. 2006a; Meier et al. 2007; Hansen et al. 2008). As a consequence, the oil 
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industry in Norway has established a strategy (that has been adapted by the OSPAR 
convention) that there shquld be no harmful discharges into the envhonment (SFT 
1999; Johnson et al. 2000). The strategy requhes identification of any envhonmentally 
harmful discharge, or chemical component of discharges, in order to develop effective 
approaches to treat or dispose of the discharge to remove hs adverse hnpacts on the 
envhonment (Neff et al. 2006). As a resuh, current regulations state that the 
concentration of dispersed oil permitted in produced water discharges must be limited to 
30 ppm (OSPAR 2006). Although discharge chemicals are diluted m the vicmhy of 
offshore mstaUations just after theh discharge (Utvik et al. 1999), the effluents may still 
exert low dose effects hi a gradient from the platforms. Therefore, to be certain that 
present discharges from the oil and gas mdustry actually resuh in 'zero harmful effects' 
it is essential to mvestigate effects at doses below 30 ppm. 
The present study investigated the effects of low doses of dispersed oil on 
protein expression in the blue mussel Mytilus edulis and the green sea urchin 
Strongylocentrotus droebachiensis. The chosen test concentrations of dispersed oil (i.e. 
15, 60, and 250 ppb) were 120-2000 thnes lower than the current discharge limit for 
dispersed oil. Since so-caUed 'omics' technologies allow simuhaneous analysis of 
thousands of genes, protems and metabohtes (e.g. Chsh et al. 2004; Joyce and Palsson 
2006) , these technologies have enabled a wider approach to biological questions 
compared to single endpoints analyses (e.g. Aardema and MacGregor 2002), and can 
potentially reflect both the 'quantity' and the 'quality' of effects (Nesatyy and Suter 
2007) foUowmg envhonmental pollution. The ahn of this study was to investigate dose-
response relationships at low doses of oil on protehi expression in marine mussels and 
sea urchins. The rationale for investigating a range of oil concentrations mstead of just 
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The continuous flow system, described by Sanni et al. (1998) and Baussant et al. 
(2001), was used to create the dispersion of crude oil in seawater (Figures 5-1 and 5-2). 
Figure 5-2. (A) Exposure tanks (i.e. 60 L) witti mussels divided into 2 groups for each treatment: top « 
150 mussels and bottom « 500 mussels. The flow rate was about 500 and 800 ml.min ' , respectively in 
the bottom and top aquaria. (B) Mixing bottles for dilution of stock (5 ppm) dispersion of oil. Figure 
courtesy of Dr. Thierry Baussant. 
The oil dispersion was created using a mixmg valve located close the injection point of 
the oil (Figure 5-1). The valve poshion was controlled by pressure readings on the line 
whh the stream of seawater and adjusted so that the mean size of the oil droplets was 
close to 10 pm. A dispersion equivalent to a nominal concentration of 5 ppm was first 
made by mjection of 42 pi oil/min in the flow of seawater (7 L/mm) using a precision 
syringe pump (ISCO model 260D, USA). A capilar teflon © tubing whh an inner size of 
0.5 mm was used to conduct oil from the cylinder to the seawater. The dispersion was 
first conducted to a header tank. Thereafter, h was diluted by means of peristaltic pumps 
(Watson-Marlow Model 205 and 505, England) whh seawater into 3 different 10 L 
mixmg DURAN glass bottles to obtam the desired nominal concentration (250, 60 and 
15 ppb) m the exposure tanks (Figure 5-2 A). Mixing bottles were equiped whh outlets 
(hole drilled, then a gummy stopper whh glass tubing through h) to allow the water to 
flow to the exposure tanks (Figure 5-2 B). 
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5.2.1 Exposure monitoring 
During tlie course of the experiment, the seawater was momtored for total 
hydrocarbon concentration (THC), poly aromatic hydrocarbons (PAH) concentration 
and particle size/number; seawater samples were siphoned out usmg silicon tubing, 
placed carefully, to avoid inclusion of the top layer of seawater where the presence of 
ph film could affect the final analysis. A Couher counter ©, equipped with a 70 mm 
•aperture tube, was used to control oil particle size/number and estimate water 
concentration hi the inlet of the tanks. The countmg was made in a 80 ml beaker and the 
volume analysed was 2x500 pi. The presence of particles other than oil in the seawater 
(faeces, micro-organisms) mfluenced the background signal and, hence, compromised 
the ability to estimate the relative oil concentration in the exposure tanks based on 
measurement of oil particles. However, the Couher coimter was used regularly (every 
thhd day) as a check of the exposure system at the mlet to the tanks to control both 
particle size and the relative levels in the highest exposure concentration. The PAH 
concentration m water was measured once during the experhnent (i.e. in the middle of 
the exposure period). Seawater samples were collected in 1-L glass bottles containhig 
hydrochloric acid to ensure low pH (< 2) and prepared for analysis withm 48 h after 
sampling. Analysis of the PAH content in water was done usmg Gas Chromatography 
(HP5890, Hewlett Packard, USA) connected to a Mass Spectrometer (Fhmigan 
SSQ7000, USA) and analyzed m selected ion mode (GC/MS-SIM) as described m 
Baussant et al. (2001). Origmally, it was planned to measure THC in water by GC-FID 
(flame ionization detection); however, this was not successful as the method was 
developed for oil concentrations above 100 ppb. In three different analyses, all 
quantifiable concentrations (even in the 250 ppb tanks) were below 100 ppb; therefore, 
further analyses of THC in water were done, once a week, by semi-quanthative 
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fluorescence analyses (as described by Aas et al. 2000). In addition, the PAH content of 
whole mussels (soft tissue) and sea urchm gonads was measured at the end of the 
exposure (3 replicates) by GC/MS-SIM (as described for PAH content in water 
samples). A l l tissue samples were transferred into glass vials (pre-heated at 500°C) with 
teflon© lock and stored at -80°C prior to analysis. 
5.2.2 Sample collection 
Haemolymph samples from mussels and samples of coelomocytes from sea urchms 
were coUected following the methods described m Chapter 2 (2.1.1) and Figure 2-1. 
Thirty mussels (sheU size 6.0 ± 0.5 cm) and 30 sea urchins (test diameter 5.1 ± 1.2 cm) 
were sampled and analysed per treatment. 
5.2.3 Sample preparation on ProteinChip arrays 
ProteinChip arrays whh weak cation exchange surfaces properties (WCX-arrays) 
were used for protein expression analyses and the protocol outlined in Table 2-7 was 
used for sample preparation. 
5.2.4 SELDI TOF MS analysis 
The protein arrays were analysed on the PBS-IIc time of flight mass spectrometer 
using ProtemChip Software version 3.1. Mass spectra were recorded usmg the 
following settmgs: 91 laser shots/spot surface in a poshive ionisation mode (65 of the 
shots were coUected, starting at poshion 20 and ending at poshion 80 of the spot), laser 
intenshy 185, detector senshivhy 8, detector vohage 2850 V, data acquishion from 0 -
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200000 Da, and optimum mass range focus from 2000 - 15000 Da. The same 
acquishion protocol was used for mussel and sea urchin plasriia samples. 
The spectra were calibrated with the following molecular weight standards: Dynorphin 
A (2147.5 Da), Insulm bovme (5733.6 Da), Ubiquitm (8564.8 Da), Cytochrome C 
bovme (12230.9 Da), Bovine p-Lactoglobulin A (18363.3 Da), Horseradish Peroxidase 
(43240.0 Da), and IgGbovme (147300 Da). 
5.2.5 Data handling and statistics 
Data processing and statistical analyses followed the description given in 
Chapter 2 (i.e. 2.1.4) 
5.3 Results 
Because of the Ihnhed availabilhy of samples (i.e. only 30 samples per group), 
and an uneven gender-ratio for each species, all results are based on male and female 
data combmed. Further, all proteomic analyses were restricted to M/Z values whh a 
signal to noise greater than or equal to 5 (to ensure that biomarker discovery was not 
conducted on background noise), present within the mass range of2000 to 200000 Da 
(i.e. n = 153 for sea urchins, and n = 212 for mussels). 
5.3.1 Chemistry 
Measured concentrations of total hydrocarbon concentrations (THC) and poly 
aromatic hydrocarbons (PAHs) in the exposure tanks, as well as PAHs in biota (i.e. sea 
urchin gonads and whole mussel tissue), are given in Tables 5-1 and 5-2. Measured 
water and biota concentrations of THC and PAH increased with increasing nominal 
concentrations (Figure 5-3 and Tables 5-1, 5-2). 
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Table 5-1. Nominal exposure concentrations of dispersed oil compared to measured water concentrations 
of THC (n = 5) and PAH (n = 1) in the exposure tanks. . . • . •. 
Species Nominal concentrations Sum THC in water Sum PAHs in water 
(in ppb) (in ppb) (in ppb) 
Sea urchin 15 4 0,170 
Mussel 15 3 0,154 
Sea urchm 60 29 0,980 
Mussel 60 15 0,812 
Sea urchin 250 85 4,690 
Mussel 250 63 3,758 
Note. The THC and PAH concentrations in control tanks were below the detection limits. 
Table 5-2. Measured concentrations of PAHs in biota (i.e. sea urchin gonads and whole-mussel tissue), 
at the end of the exposures (n = 3 repUcates per sample type). 
Species Nominal concentrations 
(in ppb) 
Sum PAHs in biota 
(in pg/kg wet-weight) 
Sea urchin 15 63 
Mussel 15 272 
Sea urchin 60 723 
Mussel 60 1750 
Sea urchin 250 4766 
Mussel 250 13236 
While measured water concentrations of sum-THC ranged from 4-85 ppb for sea 
urchin tanks and 3 - 63 ppb for mussel tanks, sum-PAHs in water were 0,17 - 4,69 ppb 
and 0,15 - 3,76 ppb in sea urchin and mussel tanks, respectively. The lower 
concentrations measured in the mussel tanks compared to.concentrations in the sea 
urchin tanks, is most likely explained by the fact that mussels are fiher feeders and 
would rapidly remove oil (droplets) from the water; however, this hypothesis needs to 
be tested and validated. 
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Figure 5-3. Nominal exposure concend-ations plotted against measured concenU-ations of sum-THC in 
water, sum-PAH in water, and sum-PAH in biota (sea urchins to die left and mussels to die right). 
5.3.2 Proteomic response 
All tested concentrations of dispersed oil affected the protein expression in 
Mytilus edulis and Stongylocentrotus droebachiensis. 
Expression was changed for 26 - 50% of all resolved mass peaks in sea urchin plasma, 
and for 23 - 32% of the resolved peaks m mussel plasma (Table 5-3). For each species, 
all exposure regimes had a predominantly down-regulating effect on protem expression 
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with 49 - 80% significantly downregulated mass peaks detected m exposed sea urchins 
and 54 - 69% in exposed mussels compared to controls (Table 5-3). Average changes in 
protein expression (as the ratio exposed/control or control/exposed) were relatively low 
(i.e. m the range 1.8 - 2.5 fold) when only significantly ahered peaks were compared 
(Table 5-3, mdicated in the brackets). No 'extreme' responses were observed as none of 
the detected peaks was changed by more than 7 fold in comparison to the level in 
. controls for either mussels or sea urchms. 
Table 5-3. Overview of number of significantly (p <0.05, Mann-Whitney-Wilcoxon test) upregulated 
(Up) and downregulated (Down) peaks in various exposure regimes for sea urchins {Strongylocentrotus 
droebaciiiensis) and mussels {Mytilus edulis). 
Strongylentrotus droebachiensis Mytilu edulis 
Exposure Up Down E % Exposure Up Down E % 
15 ppb 23 22 45 29 (2.0x) 15 ppb 22 26 48 23 (2,0x) 
60 ppb 36 46 76 50 (2.5x) 60 ppb 21 47 68 32 (2.3x) 
250 ppb 8 32 40 26 (1.8x) 250 ppb 20 37 57 27 (2.2x) 
n= 153 resolved peaks with S/N ^ n= 212 resolved peaks with S/N S 
Note. E = total number of significantly altered peaks, S/N = signal-to-noise ratio, % = percentage of peaks 
that were significantly altered by exposure. Average fold changes in expression is indicated in brackets. 
5.3.3 Dose-response relationstiips 
In general, resuhs revealed that protehi expression was ahered m a non­
monotonic manner, where the middle concentration (60 ppb oil) had the greatest effect 
on both the number of affected protein features and the average fold changes in 
expression for all significantly changed peaks following exposure (Figure 5-4). 
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Figure 5-4. Dose-response for (A) number of significantly affected mass pealcs and (B) average fold 
changes in protein expression for each exposure group. SD = Strongylocentrotus droebachiensis, ME = 
Mytilus edulis. 
Furthermore, the majority of individually affected protein species were altered in a 
hormetic-like (non-monotonic) dose-response manner (Figure 5-5 and 5-6). For 
example, in sea urchins, protein expression changed in a non-linear manner for 95% of 
the significantly (p < 0.05) affected mass peaks, while 87% of peaks that were changed 
in mussels following oil-exposure had a non-linear dose-response curve (Figure 5-6). 
The form of the does-response curves were diverse (Figure 5-5), and included 'normal' 
linear dose-response whh upregulation, 'normal' linear dose-response whh 
downregulation, V-shaped (similar to the defined U-shaped response curve), inverted 
V(U)-shape, Z-shaped, and inverted Z shaped response-curves. 

Chapter 5. Dose-response relationships A. Bjornstad 
7 ^ 
'Normal'-UP 
fSflpti Mppb 2iOppt 
- M/Z15406 Da 
(Jppt SOppb 250ff>b 
m3303 Da 
Z-shape 
Mffb (Opub ISOppb 
M/Z 2068 Da 
'Normal'-DOWN 




ISppti SOpfb 2Xpfib 
m 5471T Da 1 
Figure 5-5. Examples of the different types of dose-response curves observed for mussels and sea urchins 
following oil exposure. X- axis = doses (i.e. 15. 60 and 250 ppb oil), Y-axis = relative peak intensity for 
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individuals in each exposure group (n = 30 for all groups). For mussels and sea urchins, 
the response pattem mdicated that the middle concentration (i.e. 60 ppb) had the most 
severe effect on protein expression (i.e. the greatest distance from the control group in 
the plots, indicated by the arrows), (Figure 5-7). 
(A) D1 euttdear distance 
ME-60 ppb M E - 1 5 p b b 
A 






Figure 5-7. Two-dimensional scaling representation of similarities and differences in response to 
different exposure concentrations. The analysis is based on a similarity matrix constructed using 
normalised Euclidian Distances. Data inputs were all plasma-protein peaks widi S/N >5 (n = 212 for 
mussels and 153 for sea urchins), where each symbol represents mean peak intensity for all die 
individuals in one exposure group (n = 30). Red = Conu-ol, green = 15 ppb. dark blue = 60 ppb. and light 
blue = 250 ppb, ME = Mytilus edulis, SD = Strongylocentrotus droebachiensis. 
However, the tendency of an inhibhory effect at 250 ppb oil was strengthened by a 3-
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software, was investigated fiirther with muhivariate prediction models using the 
'Biomarker Pattem™ Software. The software was used to identify potential multivariate 
pattems that would separate exposed from control organisms, and also separate the 
different exposure groups. The hypothesis tested was that the protein expression profiles 
in the 250 ppb groups would be more similar to those of the control groups (due to the 
hihibhion in response), and hence classification models made whh samples from the 
250 ppb groups would have less discrimmatory power than models created with, for 
example, 60 ppb samples. 
Table 5-4. Test of prediction models, created in Biomarker Pattem Software, for comparison of 
controls versus exposed in sea urchins {Strongylocentrotus droebachiensis) and mussels {Mytilus edulis). 
Prediction success (%) 
S. droebachiensis in test samples 
Compared groups Contirols Exposed Classifiers, M/Z (Da) 
Specificity Sensitivity 
C vs. 15 ppb oil 67 90 
4274, 50874, 5608, 7934 
C vs. 60 ppb oil 93 93 
6225,7934, 5103 
C vs. 250 ppb oil 90 93 
6225, 7934, 38464 
M. ediilus 
Cvs. 15 ppb oil 93 77 
5899, 25701, 6091, 7852, 3648 
C vs. 60 ppb oil 93 90 
151702, 6091, 4493 
C vs. 250 ppb oil 90 80 
9343,4235, 6091,3952 
Note. Prediction models were generated wifli 40 samples and tested wifli 20 new samples. Importance of 
classifiers decreases firom left to right. 
Muhivariate analysis (regression tree-based methods) detected protein pattems 
associated with exposure that correctly classified masked samples whh 67 - 90 % (sea 
urchms) or 90 - 93 % (mussels) specifichy and 90 - 93 % (sea urchms) or 77 - 90 % 
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(mussels) sensitivity (Table 5-4). However, the difference in discriminatory power for 
the various exposure groups were more similar than results shown e.g. Table 5-3 and 
Figure 5-8. The ability to correctly classify controls from exposed samples was 
relatively similar for mussels and sea urchins (Table 5-4), although the percentage of 
affected protein features in sea urchms was approximately twice as high for all exposure 
groups compared to mussels (Table 5-3). Nevertheless, the best discriminatory power 
was obtained whh'the classification model created with samples from sea urchms 
exposed to 60 ppb oil and sea urchin controls, each classified whh 93 % accuracy 
(Table 5-4). For mussels, although the two most important classifiers for controls vs. 60 
ppb and 250 ppb oil were the same (i.e. M/Z 6225 Da and M/Z 7934 Da), the specifichy 
was 3% better in the classification model made with 60 ppb samples compared"to the 
model made with samples from the highest oil-concentration, supporting the conclusion 
that protehi expression in both mussels and sea urchms exposed to 60 ppb oil was most 
dislike the protein profiles of controls. 
The set of classifiers selected m the different prediction models (Table 5-4) 
were unique for each model, even though there were some overlaps. Furthermore, the 
classifiers used for mussel samples in this study were not the same as those chosen for 
controls versus mussels exposed for 3 weeks to 500 ppb oil m the fhst laboratory study 
(Chapter 3, Table 3-4). This is not necessarily unexpected, given the senshivity-of 
proteomic analyses and the dynamic nature of the proteome. 
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5.4 Discussion 
Stress response is a universal defence mechanism against a wide variety of stress 
conditions (e.g. exposures to envhonmental pollutants) which adversely affect protehi 
expression, denaturation of proteins, protein folding, and hence protehi fimction (e.g. 
Schaefer et al. 1998). The hypothesis tested m this study was that protehi expression 
signatures would-reveal dose-response relationships and the complexity therein." 
An assumption for biological effects caused by oil, in this study, was that the oil would 
be dissolved in exposure tanks and bioavailable to the test organisms. Chemical analysis 
revealed that measured water and biota concentrations of PAH and THC mcreased whh 
increasing nominal concentrations (Figure 5-3 and Tables 5-1, 5-2). However, the 
concentration of PAHs measured hi mussels was much higher than in sea urchms (Table 
5-2). The most likely explanation for that is that whole-mussel-soft-tissues (including 
digestive gland) were used for chemical analysis m mussel, while only gonads were 
used in sea urchms. Zorita et al. (2006) reported that the digestive gland was the main 
organ for accumulation of envhonmental pollutants m blue mussels. Nevertheless, the 
motive for using only gonads for chemical analysis in sea urchins was that the project 
leader (i.e. Dr. Renee K. Bechmann) wanted to correlate PAH concentrations in gonads 
with effects of exposure on sea urchin larvae (since larvae/fitness studies was part of the 
BIOSEA project; see Bechmann 2004 and Bechmanne et al. 2004). 
Resuhs from protehi expression analyses showed that exposure to concentrations 
of dispersed oh; 120 - 2000 times lower than the current discharge limit for dispersed 
oil (i.e. 30 ppm, OSPAR 2006) from offshore installations, affected protein expression 
in mussels and sea urchins. Furthermore, although different dose-response relationships 
occurred, protein expression was predommantly altered in a non-monotonic dose-
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response manner (Figure 5-5 and 5-6). Thus, the hypothesis of this experiment was 
confirmed, in the sense that protehi expression signatures revealed dose-response 
information, and, addhionally, showed that aU ahered 'endpoints' were not affected in 
the same dose-response-manner (e.g. Figures 5-5,and 5-6). The latter is, perhaps, not 
surprising, as the proteome reflects the biological fimctioning of the total organism (e.g. 
Anderson and Anderson-1998) and each endpoint (i.e. protein form) has potentially hs 
own unique dose-response relationship (e.g. Calabrese 2005). Fmdmg that a 
concentration of dispersed oil, as low as 250 ppb (or 63 - 85 ppb total THC), inhibhed 
many protein species, however, was not expected. Unfortimately, as there are no similar 
studies of dose-response relationships of oil on protein expression (e.g. 
http://apps.isikno wledge. com), a detailed comparative discussion of present resuhs with 
Iherature values is impossible. However, Walker et al. (2007) reported various types of 
dose-response relationships for different SELDI-TOF MS peaks in fish {Cyprinodon 
variegates) following exposure to 5 concentrations of 17n-estradiol. In addition, other 
biomarker studies conducted within the BIOSEA JIP programme have reported similar 
non-linear resuhs. For example, oxidative stress parameters such as Glutathione-S-
Transferase (GST) activhy, total oxyradical scavengmg capachy (TOSC) and Catalase 
activity were aU affected in a non-monotonic dose-response manner foUowmg oil 
exposure in Mytilus edulis (Baussant 2004); Clamys islandica (Baussant 2004) and 
Pandalus borealis (Larsen 2004), with some inhibhory effect at the highest compared 
to the two lowest concentration. The non-monotonic responses were even more 
pronounced after prolonged exposures of 5 and 7 months (Larsen 2004; Baussant 2004). 
Ahhough no resuhs are available on GST, TOSC and Catalase activhy in sea urchins 
{Strongylocentrotus droebachiensis) after 4 weeks exposure (Bechmann et al. 2004), 
after 7 months exposure to dispersed oil, Catalase activhy was ahered in a bell-shaped 
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manner (i.e. only the 60 ppb exposure group was statistically differeiit from the control -
group),'and GST activity had a Z-shaped response curve (Bechmann 2004). 
Furthermore, Taban et al. (2004) found a beU-shaped dose-response relationship for 
DNA-damage (as measured by the comet assay) m the haemocytes of Mytilus edulis 
after 5 weeks' exposure to 15, 60 and 250 ppb dispersed oil. Mussels exposed to 60 ppb 
oil had a higher percentage of DNA in the comet tail than the mussels exposed 250 ppb 
oh. However, DNA damage in Sti'ongylocentrotus droebachiensis was induced in a 
linear dose-response manner following 4 weeks exposure to the same concentrations of 
oh. The different types of response pattem for the two species may be explamed by the 
1 week difference in exposure time, or, more likely, by species-specific senshivity to 
DNA damage. Fourie et al. (2007) reported species-specific sensitivity to DNA 
damage (as measured by the comet assay) m five earthworm species followmg 
cadmium exposure. 
The explanation for the observed dose-response relationships reported here is 
not clear, as none of the affected protem species have been identified. Non-monotoric, 
'hormetic-like' effects have been reported previously in a highly diverse array of 
biological models for numerous organs and endpoints and chemical/physical stressors 
(e.g. Calabrese and Baldwin 2001; L i et al. 2007; Widarto et al. 2007), and h is evident 
that no single mechanism can account for these phenomena. In addhion, attempts to 
assess the underlying mechanisms of'hormetic-like' dose responses in (eco)toxicology 
have not reached any agreed conclusion (Calabrese 2005; Murado and Vazquez 2007; 
Mushak 2007). 'Unexpected' resuhs tend to be ignored, not pubhshed or regarded as 
artefacts of experimental design (Chapman 2002b; Johansson 2003), and terms like 
'autoprotection' (Mehendale et al. 1994; Mehendale 1995), 'adaptive response' (e.g. 
Leonard.2007; Calabrese 2008), 'condhionmg' (Calabrese et al. 2007) and 
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'overcompensation' (e.g, Calabrese 1999) have been used to explam non-monotonic 
dose-response phenomenon. For example, Calabrese (1999) and Caiabrese and ' 
Baldwin (2001b) suggested that hormesis represented an 'overcompensation' response 
to a disruption in homeostasis; 'autoprotection' has been associated with the stimulation 
of tissue repah (e.g. Mehendale 1995). The proposed principal mechanism common to 
'condhioning', 'adaptive response' and 'autoprotection' is that low levels of stress 
activate or upregulate existing cellular and molecular pathways that enhance the abilhy 
of the cell and organism to withstand more severe stress (Calebrese et al. 2007). Some 
authors have been more explicit in trying to explain the mechanisms involved in non­
monotonic responses. For example, L i et al. (2007), ushig a computational modelling 
approach, reported a novel mechanism for U-shaped (and inverted U-shapes) dose-
response behaviours observed with certain steroid-hormone mimicking chemicals 
(EDCs). Theh results revealed that non-monotonic dose-responses in gene expression 
can arise within the classical genomic framework of steroid signalling; for example, • 
when the exogenous ligand is an agonist, a U-shaped dose-response appears as a result 
of the inherently nonlinear process of receptor homodhnerization. This U-shaped dose-
response curve can be modulated ftirther by mixed-ligand heterodhners formed between 
endogenous hgand-bomd and exogenous ligand-bound receptor monomers. When the 
heterodimer is transcriptionally inactive or repressive, the magnitude of U-shape 
increases; conversely, when the heterodhner is transcriptionally active, the magnitude of 
U-shape decreases (Li et al. 2007). They also found that an mverted U-shaped dose-
response can arise when the heterodhner is a strong transcription activator regardless of 
whether the exogenous ligand is an agonist or antagonist (Li et al 2007). 
Nonetheless, hormesis/non-monotonic responses are clearly not well understood, 
and may be ignored/overlooked and misunderstood (i.e. anomalous dose-response 
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curves ascribed to hormesis, when it is not; Chapman 2002b;.Mushak 2007). Chapman 
(2002b) exemplified the general misunderstandhig of hormesis with the reported case of 
increasing water hardness and metal-bioavailabilhy/toxichy. Although there may be no 
toxicity at the highest test exposures in very hard water, toxicity can appear at 
hitermediate exposures due to dilution effects (not only of metals concentrations, but 
also of water hardness), and hence the corresponding hormetic-like exposure-response 
curves are a resuh of extrinsic factors, rather than hitrinsic factors like, for exarnple, 
attempts to maintain homeostasis. Furthermore, it can be difficuh to 
distinguish/interpret whether stimulatory effects of, for example, EDCs on fecundhy 
and growth-rate are resuhs of disruption of specific hormonal processes or due to 
general overcompensation to low-levels of stress (Widarto et al. 2007). 
Overall, there seems to be a need for a better definition of the 'hormesis concept' 
and a clearer consideration of whether aU biphasic dose-response curves should be 
considered representative for hormesis or not. For example, Thayer et al. (2005) stated 
that the use of the term 'hormesis', whh hs associated descriptors, distracted from the 
broader and more important questions regarding the frequency and mterpretation of 
non-monotonic dose responses in biological systems, and emphasised that the 
assumption that hormesis is generally an adaptive response is an oversimplification of 
complex biological processes. The latter statement illustrates the need for a better 
understanding of whether hormesis (or low-dose, non-monotonic responses) has 
poshive, neutral, or adverse effects on model organisms, populations, and commumties 
(Chapman 2001). To elucidate would requhe a massive research effort, focusing on 
individual variation, species senshivity (Chapman 2001), and judgement of what is the 
'normal' response of a species to a toxicant (Kefford et al. 2008). Improvement of risk 
assessment strategies may include taking into accomt biphasic dose-response curves 
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but should also mclude consideration of proper physiologically-based pharmacokinetic 
models for better extrapolation of differences in toxicokinetics going from high- to low-
dose exposure, as weU as taking into account kmetics for gene repah systems (Van der 
Woude et al. 2005). 
For hormesis-like phenomena to be accepted fully m ecotoxicology and 
envhonmental risk assessment, it is important to gain better insight into the mechanisms 
mvolved in such processes (Van der Woude et al. 2005), and thus a better understanding 
of the phenomenon hself Some of the protein forms that were ahered hi a biphasic 
manner in this study could hold essential mechanistic information about hormesis if 
purified and identified. Therefore, a proteomic approach has the potential to elucidate 
some of the knowledge gaps in relation to non-monotonic response relationships at low 
doses. 
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5.5 Conclusions 
In conclusion, the apphcation of protehi expression analysis with SELDI TOF 
MS and ProteinChip array technology has identified specific plasma protein profiles in 
two mvertebrate species {Mytilus edulis and Sti-ongylocentrotus droebachiensis) that 
could be used to distinguish controls from exposed organisms and different exposure 
concentrations from each other. Addhionally, unique dose-fesponse relationships were 
observed for the different protehi species detected by MS. Most of the affected protein 
forms were changed m a non-monotonic manner, where the 60 ppb group (in each 
species) appeared to be more affected than the 15 and 250 ppb groups. 
There is no obvious explanation for the observed effects; however, future 
identification of key molecules (e.g. some of those protein forms that were ahered hi a 
non-monotonic manner) by tandem mass spectrometry could, potentially, provide the 
essential mechanistic msight that is needed to enlighten why most of the significantly 
ahered protein species were affected hi a non-monotonic manner. Furthermore, such 
mechanistic msight might also assess if the observed responses are 'poshive', 'neutral', 
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6.1 Introduction 
Environmental risk assessment (ERA) is the link between ecotoxicology and risk 
management (Breithohz et al. 2006). ERA ahns at assessmg or predicting the potential 
effects of any chemical on the structure and function of ecosystems (e.g. Galloway et 
al. 2004; De Laender et al. 2008), and to provide sufficient information for decision­
making with the purpose of protectmg the environment from unwanted effects of 
anthropogenic chemicals (Breithohz et al. 2006). A major challenge for ERAs is to Imk 
harmful effects of envhonmental pollutants in mdividual sentinel animals to theh 
ecological consequences (Moore et al. 2004). However, risk assessment includes 
dealing whh many sources of vmcertainties (Brouwer and Blois 2008). For example, 
even for well-investigated chemicals there are significant xmcertainties about theh 
actual impact on ecosystems, since 'knowledge' regarding effects is often based on 
extrapolations from the effects seen in a few test species (e.g. Forbes et al. 2001) under 
controlled laboratory conditions to the enthe ecosystem(s) where numerous biotic and 
abiotic factors interact in a complex fashion (Breitholz et al. 2006). To have a more 
accurate prediction of possible effects of chemicals on ecosystem structme and 
function, methods and laboratory resuhs should (as a start) be validated in field 
experiments (e.g. Martm-Diaz et al. 2008). Furthermore, responses due to chemical 
exposure must be distinguished from natural sources of variability (e.g. ecological and 
physiological variables, gender and species-specific differences and individual 
variabilhy) (Peakall 1992). 
In the present study, the SELDI TOF MS-based approach, developed for protehi 
expression analysis m marine mvertebrates, was validated in a field study, where 
mussels (Mytilus edulis) collected at the reference site used in Chapters 3 and 4 (i.e. 
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ForlandslQorden) were deployed along a copper gradient in the vicmity of an old copper 
mine (http://www.showeaves.com/enghsh/no/minesA/"isnes.htmP. Although the mmmg 
activhy stopped m 1972, leakage of metals (e.g. copper) from landfills around the 
mining area continues to be a source of pollution and cause for concern (Andersen et al. 
2003b). Bivalve mussels have been used widely as a monhormg organism (e.g. 'The 
Mussel Watch' programme, Goldberg 1975) for many reasons, one of them bemg theh 
abilhy to readily bio accumulate pollutants such as metals (e.g. Viarengo, 1985), and 
hence reflect the amoimt of metals present in the envhonment. Copper is an essential 
element for all organisms, it is a constituent part of enz3anes and proteins and is 
essential for theh activhy and fimction (reviewed by Lhider 1991). Furthermore, copper 
plays a central physiological role in hvmg organisms because of hs abhity to exist in 
muhiple oxidation states, and yet, hs redox property can also be the cause of toxic 
effects (Stohs and Bagchi 1995). For example, free excess copper ions are believed to 
participate m the formation of reactive oxygen species (ROS) (e.g. Manzl et al. 2004; 
Nawaz et al. 2006; Knauert and Knauer 2008). In the presence of superoxide ( * 0 2 - ) or 
reducing agents such as ascorbic acid or mtracellular glutathione (GSH), Cu^ "^  can be 
reduced to Cu"^ , which is capable of catalyzing the formation of hydroxyl radicals from 
hydrogen peroxide (Bremer 1998; Kaduska et al. 1993). The hydroxyl radical is a 
powerful oxidizing radical capable of reacting with practically every biological 
molecule (Buettner 1993), and thus potentially inhiating oxidative damage and Cu-
induced cellular toxicity (Gaetke and Chow 2003). Moreover, copper has been 
implicated as an endocrine disrupting chemical (Schantz and Widhohn 2001; Handy 
2003) due to the mtimate physiology of copper in the normal neuro-endocrine functions 
of vertebrate anhnals and in the endocrinology of fish (Handy 2003). Metals, mcluding 
copper, have also been shown to interfere with hormones that sthnulate reproduction. 
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such as methyl famesoate, as well as whh secretion of the gonad inhibhing hormone, 
therefore affectmg, for example, ovarian growth m crustaceans (e.g. Rodriguez et al. 
2007). Although many approaches have been used to assess metal-induced stress (in 
mussels) hicluding, for example, cellular, biochemical, histochemical and histological 
approaches (e.g. Ahneida et al. 2003; Burlando 2006; Zorita et al, 2006; Labieniec and 
Gabryelak 2007), the most frequently reported biomarker of metal exposure is the 
metallothioneins (MTs). MTs are non-enzymatic, low-molecular weight (approximately 
60 ammo acids), metal-binding proteins that are thought to be mvolved in homeostatic 
control of essential metals, as well as detoxification of both non-essential and essential 
trace metals (e.g. reviewed in Amiard et al. 2006). However, there is stiU controversy 
regardmg the biological fimctions of MTs and theh uthhy as biomarkers (Amiard et al. 
2006). For example, variations m MT levels may result from factors other than 
exposure to metals (i.e. organism handlmg, starvation, anoxia, freezing, presence of 
antibiotics, vhamins or herbicides, food abundance, reproductive cycle, and 
seasonal/spatial factors) (e.g. Viarengo et al. 2000; Cotou et al. 2001; Ivankovic et al. 
2005; Erk et al. 2008). However, the uthhy of protein biomarkers could be enhanced if 
a robust suhe of proteins indicative of, for example, copper-induced stress was used in 
combination as protein expression profiles (Bradley et al. 2002 ). After all, gene 
transcription and protein expression lies at the beginning of a response of a cell to, for 
example, a pollutant (e.g. Pennie et al. 2004). Thus, a response on gene 
transcription/protein expression could give a prelhninary indication of the biochemical 
or biological mechanism bemg affected by the pollutant and data from such analyses 
provide starting points in a toxicological examination. Furthermore, protein S5'nthesis 
depression is a life-saving mechanism for many organisms faced with envhoimiental 
stress (Storey and Storey 2004). During envhonmental stress, organisms can limh 
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protem synthesis by storing inactive ribosomes that are rapidly reactivated when 
conditions improve (Pytharopoulou et al. 2006). Consequently, downregulation as well 
as upregulation of protein expression may be early indicators of stress (e.g. Wemer and 
Hmton 1999). 
The ahn of this study was to determine the utiHty of SELDI TOF MS proteomics 
in detecting a fieldgradient of contamination. The hypothesis was that protein 
expression signatures, obtained with SELDI technology, would contam hiformation that 
reflected the level of contamination at each she (e.g. increasing number of affected 
protein species with elevated level of pollution). To test the hypothesis, the protehi 
expression hi Mytilus edulis deployed along a known gradient of copper was measured 
and response pattems observed m the field were compared with resuhs (dose-response 
relationships and gender-senshivhy) observed in the laboratory (described in Chapters 
3, 4 and 5). The rationale for choosing a metal field gradient over an organic gradient 
(given that all laboratory exposures were conducted with organic compounds) was that 
these shes were primarily affected by metals (see Table 2-9; Column 3-Visnes), while 
the potential field shes polluted with organic compounds, were also affected by metals 
and/or TBT, which would complicate the interpretation of resuhs. 
6.2 Material and methods 
In November 2003, Mytilus edulis were collected in Forlandsfjorden (59°20'N, 
5°13 'E) and transferred dhectly to four shes along a coppergradient at Visnes 
(59°22'N, 5°13'E) (Figure 6-1). Mussels were deployed in the coppergradient for 18 
days using cages (Figure 6-2), and then brought to the laboratory the evening before 
sampling (and kept in fihered, running seawater prior to sampling). Simuhaneously (i.e. 
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6.2.1 Monitoring of ttie metal gradient 
The degree of the copper gradient will depend on local weather and hydro-
graphic condhion during the deployment, however, pooled samples of whole mussel 
tissues were taken for body burden analysis of metals, including vanadium (V), 
chromium (Cr), cobah (Co), nickel (Ni), copper (Cu), zinc(Zn), arsenic (As), silver 
(Ag), cadmium (Cd), barium (Ba) and lead (Pb), in mussels from the various shes (n = 
20 mussels per she). Analyses were conducted at an accredhed laboratory (i.e. M-lab, 
www.eurofins.no) usmg haductively coupled plasma mass spectrometry (ICP/MS). 
Historical data on metal concentrations in sediment, water and mussel-tissue at Visnes 
were reported by Andersen et al. (2003b). 
6.2.2 Sample collection 
Haemolymph samples from the mussels were collected following the method 
described in Chapter 2 (i.e. 2.1.1 and Figure 2-1). Sixty mussels, with even gender 
distribution (shell size 7.4 ± 0.9 cm for mussels originating from ForlandsjQorden, and 
shell size 6.2 ± 0.7 cm for indigenous mussels at Visnes) were sampled and analysed 
per treatment. AU samples were analysed after the last sampling in F0rlands:5orden (i.e. 
in May). Samples were kept at -80 °C prior to analysis. 
6.2.3 Sample preparation on ProteinChip arrays 
The new generation of ProteinChip (arrays from Ciphergen Biosystems/Bio-
Rad) (http://www.bio-rad.eom/proteihchip/l with weak cation exchange surfaces 
properties (CMIO arrays) were used for protein expression analyses and the protocol 
outlmed in Table 2-7 was used for sample preparation. 
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6.2.4 SELDI TOF MS analysis 
The protem arrays were analysed on the PBS-IIc thne of flight mass 
spectrometer using ProtehiChip Software version 3.1 (Ciphergen Biosystems). Mass 
spectra were recorded twice from each sample (i.e. corresponding to the low molecular 
weight region/ and the high molecular weight region) on the following settings: 147 
laser shots/sample in a positive ionisation mode (105 of the shots were collected, 
starting at poshion 20 and ending at poshion 80 of the spot), laser mtenshy 170/185 
(low mass run/high mass run, respectively), detector senshivhy 7/8 detector vohage 
2850 V, data acquishion from 0- 200000 Da, and optimum mass range focus from 
1500-20000 Da /15000-200000 Da. The spectra were calibrated with the following 
molecular weight standards: Dynorphdn A (2147.5 Da), Insuhn bovme (5733.6 Da), 
Ubiquhin (8564.8 Da), Cytochrome C bovine (12230.9 Da) for low mass spectra, and 
Bovme p-Lactoglobulm A (18363.3 Da), Horseradish Peroxidase (43240.0 Da), Serum 
Albumm bovine (66433.0 Da), and IgG bovine (147300 Da) for high mass spectra. 
6.2.5 Data handling and statistics 
Data processing and statistics was done according to the description given m 
Chapter 2.1.4. 
6.3 Results 
Primarily, resuhs are compared and discussed for mussels deployed at the four 
shes constitutmg the pollutant gradient. However, to put the observed effects into 
perspective, the resuhs have been compared also with data from indigenous mussels 
coUected close to the old copper mme at Visnes (i.e. close to She 4 in the gradient), as 
weU as data from reference mussels coUected m Forlandsl^orden at three addhional 
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time points (i.e. January, March and May). Further,, to ensure that observed mass peaks 
were real protem forms (and not chemical or electronic backgro\md noise), all analyses 
of resuhs have been restricted to those M/Z values with a signal to noise greater than or 
equal to 5, present within the mass range of2000 to 200000 Da (i.e. n = 240 for males, 
and n = 220 for mussels). With the exception of body burden analysis of metals (which 
have been analysed in pooled tissue extracts from mussels that have not been sexed), all 
comparisons of effects on protem expression have been done separately for male and 
female individuals (due to observations regardmg gender-specific senshivhies found in 
laboratory studies). 
6.3.1 Chemistry 
Chemical analysis of whole mussel tissues showed that mussels collected in 
Forlandsfjorden, and ftirther deployed for 18 days along a copper gradient in the 
vicinhy of an old copper mme (i.e. at Visnes, Karmoy, Norway), bio accumulated metals 
to (and over) the same concentration as that detected in the natural population of 
mussels at Visnes (Table 6-1). The assumed coppergradient was confirmed by the metal 
analyses (Figure 6-3). The content of copper in the deployed mussels (from shes 1-4) 
ranged between 6.2 and 52.3 mg kg~^ dry weight, with the highest concentration 
detected m mussels deployed at she 4. The copper concentration in mussels from 
Forlands^orden was 6.4 mg kg"' dry weight, while the concentration in indigenous 
mussels from Visnes was 44 mg kg"' dry weight (Table 6-1). In addition, the chromium 
concentration was elevated at she 2; zinc concentrations were high but relatively similar 
at all shes, including Forlands^orden. 
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Table 6-1. Bioaccumulation of metals in Mytilus edulis deployed for 18 days along a coppergradient. 
Metal concentrations in mussels (in mg/ kg dry weight) 
Compound 
Sites 
l(ref) 2 3 4 F 0 R VIS 
Vanadium 1,42 1,27 0,99 1,00 1,71 0,21 
Chromium 1,08 11,25 0,93 • 1,00 0,74 0,07 
Cobalt 0,38 0,30 0,45 0,34 0,246 0,06 
Nickel 1,84 1,64 3,04 0,49 0,407 0,04 
Copper 6,23 6,88 17,10 52,27 6,40 44,0 
Zinc 77,24 78,48 68,05 80,04 66 120 
Arsenic 10,73 10,74 8,09 10,80 9,7 1,89 
Silver 0,15 0,03 0,05 0,04 0,078 0,05 
Cadmium 1,73 1,51 1,26 1,46 0,79 0,42 
Barium 0,69 0,78 1,54 0,78 0,116 0,266 
Lead 1,51 1,07 0,77 0,90 0,75 0,13 
Note. Concentrations of metals were measured by ICP-MS in pooled tissue-samples (n = 20 per analysis). 
F0R=; reference mussels from Ferlands^orden, VIS = mdigenous mussels at Visnes (collected close to 
site 4). 
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6.3.2 General effect on protein expression 
In general, results revealed that protem expression was ahered at all shes (i.e. 
shes 2-4) compared to the gradient reference at she 1 (Table 6-2). Expression was 
significantly (p < 0.05, Mann-Whhney-Wilcoxon test) changed for 11 - 33% of all 
resolved mass peaks in male plasma and for 18 - 32% of the resolved peaks m female 
plasma (Table 6-2). For indigenous mussels from Visnes, 36 and 42% (males and 
females, respectively) of the detected mass peaks were differentially expressed 
compared whh the protein expression pattems found in mussels from she 1 (Table 6-2). 
The environmental condhions present at Visnes (as compared to she 1) had a 
predominantly downregulating effect on protein expression in deployed as well as in 
mdigenous Mytilus edulis for both genders (Table 6-2). While 81 - 93% of the protein 
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forms significantly affected in male mussels was downregulated, 68 - 79% was 
downregulated in female mussels. 
Table 6-2. Number of signijScantly (p < 0.05) upregulated (Up) and downregulated (Down) peaks in 
mussels deployed in the copper gradient at Visnes, as well as mdigenous mussels from Visnes, compared 
to mussels from site 1 (gradient reference). 
Males 
Site Up Down E % (fold) 
Site 2 2 25 27 11 (1.9 ±0.9) 
Site 3 5 43 48 20 (2.2 ± 1.6) 
Site 4 12 66 78 33 (2.9 ±4.0) 
Visnes 16 70 86 36 (4.3 ±6.2) 
n = 240 resolved peaks wifli S/N >5 
Females 
Site Up • Down E % (fold) 
Site 2 9 31 40 18 (2.1 ± 0.8) 
Site 3 8 17 25 11 (2.2 ±0.9) 
Site 4 13 57 70 32 (2.5 ±2.3) 
Visnes 20 73 92 42 (5.0 ± 7.6) 
n = 220 resolved peaks with S/N >5 
Note. E = total number of significantly altered peaks, S/N = signal-to-noise ratio, % = percentage of peaks 
that were significantly altered by field exposure. Average fold changes (as induction or repression) in 
expression ± standard deviation is indicated in brackets. 
For the deployed mussels, the average changes m protein expression (as the ratio 
exposed/control or control/exposed) were similar to those observed hi the laboratory 
studies (see Chapters 3, 4 and 5). The average fold changes m protein expression for 
deployed mussels were m the range of 1.9 - 2.9 (± standard deviation, see Table 6-2) 
for male mussels, and 2.0 - 2.5 (± standard deviation) for female mussels (Table 6-2). 
However, the changes m expression for indigenous mussels at Visnes were markedly 
higher than in deployed mussels (Table 6-2). 
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6.3.3 Site/dose-response relationships 
The 'dose-response concept' is based on controlled laboratory studies where 
doses of contaminants to which the organisms have been exposed are known (and 
exposures include only one compound at the time). However, in this study 'dose' refers 
to the quantifiable amount of chemicals (e.g. copper) that were detected in the deployed 
mussels (i.e. Table 6-1). SELDI TOF MS resuhs revealed a complex combmation of 
dose-response relationships, mcluding a non-monotonic hormetic-like response. The 
forms of the dose-response curves were shnilar to those observed m Chapter 5 (i.e. 
dose-response effects of oil in laboratory exposed organisms) including: 'normal' linear 
dose response with upregulation, 'normal' Imear dose response with downregulation, 
V/U-shaped, inverted V(U)-shaped, Z-shaped, and inverted Z shaped response curves 
(see Figure 5-5). However, in contrast to resuhs in Chapter 5, the largest individual 
group of dose-response relationships for deployed mussels was the normally/lhiear up 
or downregulated protein forms, with 45 and 44% of all significantly ahered mass peaks 
being up or down regulated m a Imear manner in male and female mussels, respectively 
(Figure 6-4). Nevertheless, protein expression was changed in a non-linear manner for 
over 50% of the significantly affected mass peaks for both male and female mussels 
(Figure 6-4). 
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Males Females 
Normal 
4 4 % 
Figure 6-4. Pie charts showing percentage distribution of the various types of dose-response relationships 
observed for all significandy altered protein species in Mytilus edulis transplanted from a reference site in 
FOTlandsQorden (Karmoy, Norway) to a pollutant field gradient (including a gradient reference - site 1); 
male mussels to die left, and female mussels to die right. Note. 'Normal" includes both upregulated and 
dowmegulated protein forms. 
To further mvestigate site/dose-response 'tendencies' obtained whh univariate statistics 
(Table 6-2 and Figure 6-4), the MS data were tested whh muhidimensional scaling 
(using PRIMER software) and muhivariate prediction models (using Biomarker 
Pattern"^ Software). Fhstly, non-metric MDS plots, derived from Euclidean distance 
similarhy matrices, were used to visualise similarhies/dissimilarhies between shes in 
the coppergradient; close points in the plot reflecting similar protein expression 
pattems. Thus, the relative distance from she 1 to the more contaminated shes (she 2 -
4) can be seen as a measure of dissimilarly and degree of response at the various shes. 
In sphe of the high percentage of non-monotonic response curves observed (Figure 6-4), 
the resuhs indicate an overall she/dose-related responsepattem for male organisms 
(when all responses are combined), as the relative distance from she 1 increases along 
the copper gradient (Figure 6-5 B). The response gradient was not so clear for female 
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mussels; however, with the exception of site 2, there was a general dose/site-related 
response pattem (Figure 6-5 A). To compare the observed results from the field gradient 
with protehi pattems of indigenous mussels collected at Visnes, new MDS plots were 
created whh MS data from Visnes mussels (Figure 6-5). 
(A) Females |Nerm«li5C 
D1 EucMeti distance 
(B) Males Noma list 
Resemblance: Dl Euclidtan distance 
( 4 ( H ) - F REFERENCE 
2 3 
Increasing Cu-concentrations (1-4) 
20 Sunt 0 
0 
4 
Figure 6-5. MDS plots, derived from Euclidean distance similarity, comparing response on protein 
expression pattems in Mytilus edulis along the copper gradient. Each symbol in die plot represents die 
average response of 30 individuals per group (input = 240/220 mass peaks for males and females, 
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The new MDS plots (Figure 6-6) confirmed the gradient response (seen in Figure 6-5), 
but revealed that protein pattems in indigenous mussels were markedly different from 
pattems in transplanted mussels (even at she 4, that was very close to the location of the 
natural population of mussels at Visnes). Furthermore, a she/dose-related response was 
observed whh classification model analyses (analysed with the Pattem '^^  Software) 
based on biomarker/protem pattems in each treatment group (i.e. shes 1-4 and Visnes), 
(Figure 6-7). The prediction models were created with data from 40 mussels (20 
exposed and 20 reference samples for each model), and tested with 20 new samples (10 
exposed and 10 reference). The discrimmatory power (m classifyhig she 1 from the 
other shes) was increasing from shes 2-4 for both genders and was greatest for 
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6.3.4 Comparison to seasonal variation in reference mussels 
Seasonal changes hi envhonmental factors may (most hkely) mfluence normal 
metabolic activhies, senshivhy to stress and, thus, the general protehi pattem in an 
organism. To identify seasonal changes, the protein expression pattems detected in 
mussels deployed and mdigenous at the metal-contammated area of Visnes (m 
November), were compared with protein profiles in mussels from Forlandsfjorden (i.e. 
the original she for those mussels deployed at Visnes) coUected in January, March and 
May. MDS plots were used to Ulustrate the shnilarhies of protein pattems for 
Forlands^orden mussels coUected at different thnepoints m comparison to peak pattem 
in Forlands^orden mussels transplanted to Visnes (she 4) for 18 days (Figure 6-8). The 
MDS plots were constracted by including all detected mass peakS'with a signal-to-noise 
ratio greater than or equal to 5 (n = 240/220 for male and female mussels, respectively). 
Results indicated that protein expression varied with season for male and female 
mussels from Forlandsfjorden (Figure 6-8). However, the greatest relative distance (and 
thus disshnilarhy) between two data pomts in the MDS plot (mdicated by the arrows in 
the plots), was observed for mussels deployed at Visnes (i.e. she 4) m November 
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6.4 Discussion 
While there is an abundance of field data on concentrations of metals in various 
organisms and tissues, and many controlled laboratory studies have reported the effects 
of metals on laboratory animals; relatively few studies have examined the relationship 
between these two attributes of pollutant'exposure (e.g. Burger and Gochfeld 1997), 
even though such knowledge is essential for envhonmental risk assessment to protect 
senshive species and (sub)populations (e.g. Lam and Gray 2001; Burger et al. 2007). 
Resuhs from the present study confirmed that following 18 days caging in a metal 
contaminated area (e.g. Tables 6-1 and 6-2), mussels uptake metals and show changes 
m plasma protein expression. Body burden analysis of mussels confirmed the presence 
of a coppergradient in the water surrounding the mining area at Visnes, and that tissue 
concentrations of copper decreased with increasing distance from the mining she 
(Figure 6-1 and 6-2). These resuhs are consistent with other studies at these shes; 
Zorita et al. (2006) detected 14,19, 52 and 184 g Cu/g dry weight m the digestive gland 
of mussels from shes 1-4, respectively, and reported higher copper concentrations in 
the digestive gland than hi whole soft-tissue extracts, mdicating that the digestive gland 
was the main target organ for Cu accumulation. The hypothesis tested in this study was 
that protehi expression signatures, obtained with SELDI technology, would contain 
information that reflected the level of contamination at each site. Results of the present 
study confirmed the hypothesis, as plasma proteome profiles was shown to contain 
hiformation that reflected the level of contammation present at the various shes along 
the copper gradient (e.g. Figures 6-5, 6-6 and 6-7). Although the accumulated copper 
tissue concentration in mussels deployed at site 4 was higher than that in indigenous 
mussels at Visnes, resuhs mdicated that indigenous mussels were more affected, in 
• 2 1 l « 
Chapter 6. Field validation A. Bj0rnstad 
terms of number of affected protein species (Table 6-2), average fold change in 
expression (Table 6-2) and discriminatory power in multivariate statistical models 
classifyhig exposed from reference organisms (Figure 6-7), than the deployed mussels 
at aU shes. Tree-building algorithms, based on protein expression pattems of mussels at 
she 1 (gradient reference) agamst Visnes-mussels, classified randomised blindsamples 
with 97/96% senshivhy and 97/91% specifichy (female/male organisms, respectively). 
The best predictive model for comparison of she 1 vs. she 4, however, predicted 
controls (specificity) with 67/81% accuracy and mussels deployed at she 4 (senshivhy) 
with 76/79%) accuracy (Figure 6-7), which was markedly lower. The senshivhy and 
specifichy values found for prediction of Visnes mussels against ForlandsJ^orden 
mussels m this study is in accordance with values reported by Knigge et al. (2004). The 
latter authors were able to classify masked samples from indigenous mussels at Visnes 
and Forlands^orden with 96% senshivhy and 88%) specifichy, based on digestive gland 
protein profiles of Mytilus edulis (male and female data combined). It was perhaps not 
surprising that the natural population of mussels at Visnes was more affected than 
mussels exposed for only 3 weeks to the same conditions as the indigenous mussels 
have been faced with chronic exposure of copper (and other metals) for years 
(Andersen et al. 2003b). Two studies by Barsiene et al. (2004; in prep 2008) show how 
the exposure regime may influence results and, at the same thne, elucidate the 
vuhierability of (single endpohit) analysis measured at only one time-pomt and one 
she/dose. In the first study, indigenous mussels at Visnes were found to have 
micronucleus (MN) formation close to the background level measured in reference 
mussels from Forlandsl^ o^^den (Barsiene et al. 2004). In the second study, mussels 
deployed at Visnes for 18 days showed a 4.8 fold increase m M N frequency compared 
to the natural population of mussels at Visnes (Barsiene et al. in prep. 2008), indicating 
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a inhibitory effect on genotoxichy with long-term exposm*e to metals (e.g. copper). If 
the second study had not been undertaken, the (misleading) conclusion could have been 
that the contaminant load at Visnes did not cause genotoxicity in mussels. Exposure 
reghne also affected the toxic responses in gill extracts of the Chmese mitten crab 
{Eriochor sinensis) exposed to either 500 ppb cadmium for 3 days or 50 ppb for 30 days 
(Silvestre et al. 2006). Resuhs revealed that, while expression of 6 protems was 
significantly changed after the acute 3-days exposure, 31 proteins were affected 
followmg the 30-days exposure. Clearly, exposure regime (e.g. exposure thne) affects 
the response pattems m organisms and could (partly) explain why protehi profiles of 
indigenous mussels differed so much from profiles of deployed mussels faced with the 
same contaminant load (Figure 6-6). Moreover, toxic threat (and thus protein 
expression) can also be affected by the nutritional and reproductive status of the 
organisms in the receiving envhonment (Dowling and Sheehan 2006). 
In general, a she/dose-related response pattem was found for number of affected 
protehi species, average fold up or downregulation of protehi expression, and 
discriminatory power in muhivariate classification models (Table 6-2 and Figure 6-7). 
Nevertheless, when comparing she/dose-response curves for aU significantly ahered 
mass peaks in male and female organisms, more than 50% of the peaks showed non­
monotonic response curves (Figure 6-4). This difference illustrates the complexity of 
biological systems and theh interactions (as well as the complexhy in mixture effects). 
Complex she/dose-response patterns were reported previously for mussels along the 
copper gradient at Visnes (Zorha et al. 2006; Dondero et al. 2006; Burlando et al. 2006). 
For example, lysosomal content of neutral lipids and lipofiiscin (Dondero et al. 2006; 
Zorita et al. 2006), and calcium ATPase activity (Dondereo et al. 2006) were ahered in 
a bell-shaped sh/dose-response manner. Shnilarly, tyrosine kmase-dependent signallmg 
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was significantly induced only at the intermediate contaminated she (she 3), indicating 
an inhibhion of tyrosine kinase mechanisms at she 4 (Burlando et al. 2006). 
Furthermore, mduction of vhellogenin-like protein m the gonads of female mussels 
were significantly elevated at shes 3 and 4 (Zorita et al. 2006); however, levels at she 4 
were slightly lower than at she 3 (indicating an hihibhion of response at she 4). 
Although not statistically significant, the same response trend was observed in male 
samples (Zorita et al. 2006). Peroxisomal catalase activhy and gene expression of mt20 
was ahered hi a V-shaped she/dose-response manner, while metallothionehi 
concentration in digestive glands varied in a Z-shaped manner along the copper gradient 
(Dondero et al. 2006). Nevertheless, lysosomal membrane stabilhy hi the digestive 
gland (Zorito et al. 2006; Dondero et al. 2006), lysosomal/cytoplasm volume ratio 
(Dondero et al. 2006), gene expression (as average fold change for all genes), (Dondero 
et al. 2006) and histological markers (Zorita et al. 2006) all revealed a gradual (linear) 
effect along the copper gradient, with mussels at site 4 being most affected. In sphe of 
the complexhy in response pattems for various biomarker endpomts, when resuhs from 
individual endpomts were combined in a so called Expert-System (Dagnino et al. 2007, 
made for pohcy makers to be able to interpret biomarker resuhs mto actual health risks), 
the system ranked the overaU stress levels in deployed mussels hi a Imear manner along 
the gradient with she 4 mussels being least healthy, i.e. she 4 < 3 < 2 = 1 (Dondero et al. 
2006), shnilar to the pattem(s) observed m the present study. 
These complex response pattems and non-monotonic hormetic-like effects (e.g. 
Calabrese and Baldwm 1997; Chapman 2002b; Calabrese 2005; Mushak 2007; Kefford 
et al. 2008), could be explained by differing modes of action at high and low doses, 
(Matthiessen and Johnson 2007, discussed in fiirther details hi Chapter 5), or just 
reflectmg the contaminant mixture present at the shes. In summary, there are great 
• 214# 
Chapter 6. Field validation A. Bjornstad 
knowledge gaps regarding the mechanisms of biphasic dose-response relationships and 
a general lack of understanding of why they occur (e.g. Johansson 2003; Thayer et al. 
2005; Calabrese et al. 2007; Murado and Vazquez 2007; Mushak 2007). Nonetheless, 
non-monotonic dose-response relationships appear frequently m the (eco) toxicological 
Iherature (e.g. reviewed by Calabrese and Baldwin 2001a). For example, Bradley 
(2000) reported changes in protehi expression m Mytilus edulis (gills) following 
laboratory exposure to low levels of CUSO4. The resuhs mdicated that the lowest 
concentration of copper (20 ppb) had the greatest hnpact on protein expression (i.e. in 
terms of numbers of affected protein forms), while mussels exposed to the highest 
concentration (80 ppb) had the most shnilar protehi profiles to controls, indicating a 
hormetic-like dose-response relationship for protein expression (Bradley 2006); 
unfortunately, dose-response curves for individual protein forms were not shown or 
discussed hi the paper. In general, metal-related stress has not been well documented at 
the (prote)ome level and she/dose-response relationships are rarely reported in field 
studies. Indeed, no shnilar studies of uptake and effect (on protehi expression) along a 
contaminated field gradient have been found m Iherature databases (e.g. 
http://apps.isiknowledge.com), excluding the possibilhy of a detailed comparative 
discussion of present resuhs, and indicating a great need for more research on the topic. 
Nevertheless, resuhs from the present study show that protein expression pattems 
contain information on animal health that reflects the level of contamination in the 
organism (e.g. Figures 6-2, 6-5 and 6-7). Furthermore, the protein expression 
information appears to be robust against seasonal variation in reference mussels (i.e. 
from F0rlands:5orden), (Figure 6-8). It was anticipated that protein expression 
signatures in reference mussels would be affected by seasonal variation as, for example, 
the metabolic activities of invertebrates are influenced by seasonal changes in biotic and 
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abiotic factors (e.g. Verlecar et al. 2008). Changes in envhonmental factors, as a 
consequence of change in seasons, may therefore influence normal metabolic activities 
of organisms and the mduction of oxidative stress as a consequence of mcreased 
generation of reactive oxygen species (ROS) (Verlecar et al. 2008). Exposure to ROS 
can cause a range of reversible and irreversible modifications of protein amino acid side 
chains (reviewed by Ghezzi and Bonetto 2003). Some of these changes lead to 
inactivation of proteins, some are protective of the protein's structural integrhy and 
some can be viewed as a means of the cell "sensing" changes in redox status 
(McDonagh and Sheehan 2006). Thus, seasonalhy and variations m ROS levels whl 
influence the overall protein expression profiles (e.g. Dowlhig and Sheehan 2006; 
Sheehan et al. 2007) in, for example, reference mussels fiom Forlands^orden. However, 
the question asked in this study was if the seasonal variation in reference mussels would 
be greater than the effect of deployment at a metal-contaminated she. The resuhs 
indicate that for Forlands^orden mussels, metal contamination has a greater impact on 
protein expression than seasonalhy (Figure 6-8), although other she-specific factors 
(e.g. salinhy, water flux, food avahability etc.) might contribute to the observed 
differences. However, to achieve a better understanding of the influence of seasonalhy 
on toxic responses, future studies should include more frequent (at least once a month) 
analysis of seasonal variation in both reference and exposed organisms. 
Another factor that plays a role in the response of animals to toxic chemicals is 
gender (e.g. McClellan-Green et al. 2007; Burger et al. 2007; resuhs m Chapters 3 and 
4 from the present study). However, even unexposed mussels have shown gender-
specific protem pattems (e.g. Torrado et al. 2002; Bjornstad et al. 2006). Hines et al. 
(2007) proposed genomic and metabolomic technologies as ahemative methods to the 
more tradhional histological method for gender-determination in bivalve mussels. 
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While histology identifies gender based on the presence of ovary or sperm fohides 
within the mantle matrix (Seed et al. 1969), the ahemative methods (genomics and 
metabolomics) are based on the presence or absence of gender-specific transcripts or 
polar metabolhes extracted from mantle tissue of male and female mussels (Hines et al. 
2007). The authors concluded that the genomic method (i.e. reverse transcriptase 
polymerase chain reaction, RT-PCR) was the most accurate and robust method when 
both ripe and spawned mussels were tested (Hines et al. 2007). Thus, h is evident that 
genes and gene products (e.g. proteins and metabolhes) hold information regarding 
gender of an organism, and h is therefore not surprismg that unexposed and 
contaminated animals showed gender-specific protein profiles. The present study, 
however, mdicated that contaminants aher the gender-specific protein pattems in 
unexposed mussels in a unique manner for the two genders (e.g. Figvire 6-9). Exposing 
mussels to the metal mix present at shes 2-4 mcreased and decreased the disshnilarhy 
between the genders. While male and female mussels deployed at the intermediate and 
most contaminated shes (i.e. with regard to copper concentrations) revealed a more 
similar protein pattem compared to she 1, male and female organisms deployed at the 
least contaminated she (she 2) showed greater gender differences than the controls. The 
explanation for the observed she-specific gender differences is not clear. Gender-related 
effects in wildlife have most often been associated with endocrine dismption (e.g. IPCS 
2002), however, copper is not normally regarded as an EDC (e.g. 
http://www.ourstolenfuture.org/). On the other hand. Handy (2003) concluded that 
physiological changes observed m fish following chronic exposure to copper (i.e. 
upregulation of enzymes/metabolism, haematopoietic responses and ahered tissue-
cellularity) could be explained by e.g. copper hiterferhig with specific neuro-endocrine 
processes. Furthermore, elevated concentrations of chromium (Cr) were detected m 
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mussels at site 2 (Table 6-1). Chromium has been associated with endocrine disruption 
in crabs (i.e. Ucides cordatus) (Correa et al. 2005), and with reduced sperm quality in 
humans and animals (Li et al. 2001). Endocrine disruption, as an explanation for the 
gender-specific responses in mussels deployed at these metal-contaminated shes, can 
therefore not be completely ruled out, especially not without fijrther msight into 
chemical modes of action. Nevertheless, gender-specific responses could also be 
explained by differences in physiology (e.g. Levin 2001), gender-specific susceptibilhy 
(e.g. Burger et al. 2007), or gender-related uptake and fate of chemicals (Burger et al. 
2003). 
6.5 Conclusions 
The present study, showing that protein expression profiles of mussels deployed 
along a contaminated field gradient were ahered in a she/dose and gender-specific 
manner, supported results from the controUed laboratory experiments. In addition, 
results from this field study revealed that protein expression pattern/toxic responses can 
be affected by exposure regime (e.g. exposure time) and seasonality. Understandmg 
gender-related effects in wildlife is crucial for protecting and managing wildlife 
populations, as gender clearly plays a role in the response of animals to anthropogenic 
insults. While laboratory studies are important for elucidating the chemical 
mechanisms of toxicity for single-compounds or mixtures, field studies are essential to 
understand the fuU range of effects (of chronic exposure and seasonalhy), at the 
individual and population level. The SELDI TOF MS approach has proven useful in 
detecting (gender-specific) dose/she related effects of envhonmental pollutants in the 
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field. Thus, used m combmation with chemical analysis (for investigation of e.g. 
gender/species-specific uptake and elimination of pollutants), muhidimensional LC-MS 
(for separation and identification of key-molecules) and histochemistry (for locahsation 
of the shes for molecular action/interaction of key molecules), the SELDI TOF MS 
approach could provide a powerfiil supplement to existing methods in envhonmental 
risk assessment. Use of the SELDI TOF MS approach could provide better insight mto 
mechanisms of actions involved in toxicity, and hence improve imderstanding of how 




Chapter 7. General discussion A. Bjornstad 
Chapter? 
General discussion and future 
perspectives 
' Always ti-ust the simplest explanation that Jits all the facts 
unless there's a damn good reason not to do so. " 
Dr. Stuart Hay in Incarnate by Ramsey Cambell 
7.1 General discussion 
The primary aim of this thesis was to evaluate the potential for proteomics in 
ecotoxicology and envhonmental risk assessment (ERA). The hypothesis was that 
proteomics technologies (i.e. ProteinChip technology m combination whh SELDI TOF 
MS) could be a useful supplement to existing methods, by providing a senshive, non­
invasive, rapid muhi-endpoint assessment of effects of anthropogenic chemicals on 
organisms in vivo. The hypothesis was tested in three controlled laboratory experiments 
(Chapters 3, 4 and 5) and in one field validation study (Chapter 6), using invertebrates 
as model organisms and potential EDCs as a test chemicals. 
Ecotoxicology, as originally defined by Truhaut (1977), is 'the branch of 
toxicology concerned with the study of toxic effects, caused by natural or synthetic 
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pollutants, to the consthuents of ecosystems,, animal (hicludmg human), vegetable and 
microbes, in an mtegral context.'. Chapman (2002a), however, emphasised the 
importance of an ecological focus hi ecotoxicology, on interaction between organisms, 
and not only 'single-species testing for screening purposes'. Furthermore, as pointed out 
by Breithohz et al. (2006), ecotoxicology is an essential tool in risk assessment and risk 
management. The mahi aim of envhonmental risk assessment (ERA) is to predict the 
likely adverse effects of anthropogenic pollutants or activhy on ecosystems and theh 
components usmg an 'evidence-based' approach (Galloway et al. 2004; 2006). Given 
the aforementioned definitions of ecotoxicology, it is important to bear in mind that 
assessment of risks from anthropogenic chemicals may differ in many ways bet'^ een 
humans and wildhfe. Differences may include: (1) individual versus population focus, 
(2) longevhy versus reproduction, and (3) one receptor versus hundreds or thousands 
dependmg upon the ecosystem (Burger et al. 2007). Moreover, due to the biological 
complexity present in ecosystems, there is controversy regarding the use of 'ecosystems 
health' as an analogue to 'human health' (e.g. Calow and Forbes 2003). Nevertheless, 
for an ecosystem to be healthy (i.e. to maintain hs integrhy), the individual organisms 
contained whhin h should also be heahhy (Depledge and Galloway 2005). As h is 
impractical to attempt a comprehensive assessment of each constituent species within a 
particular habitat, the health of sensitive species becomes a surrogate for the health 
(status, flmction or mtegrity) of the ecosystem (Depledge and Fossi 1994; Galloway et 
al. 2006). 
7.1.1 Requirements/research needs of ecotoxicology/ERA 
There are numerous tools available for envhonmental managers to achieve the 
prhnary aimof ERA (e.g. Peakall 1992; Forbes and Forbes 1994). Al l the same, 
determination of physical and chemical variables or measurements of whole-organism 
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responses (e.g. mortality, growth, reproduction) of senshive indicator species have, 
historically, been favoured methods (e.g. Lam and Gray 2001; 2003). There has also 
been growing interest m computer models that simulate ecological risks through, for 
example, discharge distribution pattems (from the oil industry) based on hydrological 
data (Dureh et al. 2006; Neff et al. 2006), or estimation of fate and effects (mcludmg, 
chemodynamics of neutral and ionized organic chemicals, bip accumulation as a 
function of sorption and bio energetics, biotransformation to daughter products, and 
sublethal and lethal toxicity) based on the concentration of a toxicant within a given 
organism (e.g. Park et al. 2008). 
Ahhough such approaches may provide usefiil hiformation regarding chemicals of 
potential concern, they provide httle understanding of the mechanism of chemical 
toxichy (Snape et al. 2004). It is widely accepted that measurements of biological 
effects of exposure (i.e. biomarkers) may be the only way to provide the cmcial 
evidence that Imks pollutants to biological changes and (potential) insight into 
mechanisms of chemical actions (e.g. Ringwood et al. 1999). In addhion, analogous to 
diagnosis m human medicine, h is recognised that most poUutant effects will depend 
upon the detemunation of suhes of responses, rather than any pollutant-specific or 
disease-specific response (e.g. Nuwash 1999; Narbonne et al. 1999; Broeg et al. 2005; 
Galloway et al. 2006; Dagnino et al. 2007). In the summary and conclusions of a 
biomarker workshop organised hi 1998 (Ringwood et al. 1999), it was pointed out that 
aU biomarker-responses should be evaluated using the following crheria/questions: 
1. Is the biomarkers response compound specific, or specific to classes of 
poUutants? 
2. Does the biomarker response distmguish between exposure and adverse effects? 
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3. Can transient responses be distinguished from sustained chronic responses that 
reflect irreversible damage? 
4. Is there evidence that biomarker response is linked to adverse effects on fitness 
components such as growth and reproduction? 
5. To what extend is the biomarker response affected by natural envhonmental 
variables (salinity, dissolved oxygen, temperature etc.), or physiological 
variables such as reproductive cycle, age, size, gender? Can adjustments be 
made for the sources of variation, and is it possible to define normal ranges? 
6. Are there quantifiable relationships between chemical dose (in tissue and/or 
envhonment) and (biomarker) response? 
Ahhough these evaluation criteria for biomarker responses were suggested a decade 
ago, they are equally relevant and hnportant today (e.g. Siunpter et al. 2005; Breithohz 
et al. 2006). Other current concerns and shortcomings in ERA include limited 
knowledge regarding mixture effects, low dose effects, non-linear dose-response 
relationships, and accumulated or delayed effects (Matthiessen and Johnson 2007). 
Furthermore, until we have a much greater understanding of how and why chemicals act 
differently in different organisms, envhonmental risk assessment systems cannot be 
perfect (Matthiessen and Johnson 2007). Currently, many uncertainties exist in the 
extrapolation of biomarker responses from a few model animals (sentinels), tested under 
laboratory condhions, to complex ecological situations (e.g. DeFur et al 1999; IPCS 
2002; Aardema and MacGregor 2002). It is unclear whether information on the effects 
of a given substance (e.g. EDC) on one species, or even one taxonomic group, can 
provide sufficient data to protect a diverse range of other species (including humans) 
with potentially different endocrine systems (Lam and Gray 2001; 2003; Matthiessen 
and Johnson 2007). It is, therefore, important to assess species similarhies and 
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differences in response to select relevant model organism to be used in standard 
protocols (Breitholz et al. 2006). 
7.1.2 The potential for proteomic in ecotoxicology/ERA 
Given the 'needs' described above, how can proteomics be useful in 
ecotoxicology and ERA? 
A l l living organisms respond to changes hi theh envhonment through changes in 
the expression of muhiple genes and gene products (e.g. proteins), where envhonmental 
pollutants potentially represent addhional stimuli which can induce expression changes 
(Monsinjon and Knigge 2007). It has become clear that toxicity generally involves 
changes not only in a single gene but rather a cascade of gene interactions (Nuwaysh et 
al. 1999; Pennie et al. 2000; Aardema and MacGregor 2002). This conclusion was 
supported by the resuhs from this thesis. In aU experiments (Chapters 3 - 6), several 
protein forms were affected/changed simuhaneously after exposure. For example, 33 
and 56 % of the total number of resolved mass peaks were significantly (p < 0.05) 
changed in mussel plasma after exposure to oil, and oil mixed with PAHs and 
alkylphenols (Chapter 3). Shnilarly, 37 - 79 % (in Mytilus edulis) and 47 - 70 % (m 
Hyas araneus) of all resolved peaks were ahered following exposure to the tree EDCs; 
BPA, DAP and BDE-47 (Chapter 4). Thus, one of the greatest advantages of 
proteomics, and other 'omics' technologies, compared to tradhional methods which rely 
on a single endpoint, is that they allow simultaneous analysis of thousands of genes, 
proteins and metabolhes etc., providing a wider approach to biological questions (e.g. 
Snape et al. 2004). 
Exposing organisms to graded levels of contamination under controUed 
laboratory condhions (Chapter 5) and m the field (Chapter 6), revealed that different 
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subsets of proteomes were affected at different levels of exposure (i.e. and not only the 
same protem species being more affected with increasing exposure concentrations). 
This is analogous to human medicine, where different biomarker profiles are found at 
the onset of a disease versus the late stage where symptoms and mdhect effects are 
promment (Van der Greef et al. 2004). This findmg represents an opportunhy for 
applying proteomics for both prognostic (e.g. early warning of potential adverse effects 
or assessment of recovery) and diagnostic purposes. Moreover, those protein features 
that were changed by all exposure concentrations showed complex dose-response 
relationships, mcluding both linear and various types of biphasic response-curves 
(Chapter 5 and 6). Given that oil is a mixture of many different compounds (with 
potentially different toxicity threshold) that is not surprising. Furthermore, biphasic 
dose-response relationships is not an uncommon phenomenon in (eco)toxicological 
studies (e.g. Depledge et al. 1993; Calabrese and Baldwm 2001; 2002; 2003), although 
several generations of toxico logists have been taught that the dose response is 
fundamentally sigmoidal but with a threshold operating at low doses. Indeed, within any 
exposure scenario, dose-response relationships are expected, but each set of exposure 
conditions appears to give rise to unique dose-response characteristics, where each 
dose-response curve corresponds to different combmations and permutations of 
interactmg chemicals and envhonmental stress. It is often not apparent which dose-
response relationship to select for general use in the assessment of potential adverse 
biological effects of chemicals (Depledge et al. 1993). Additionally, many 
envhonmental compounds, includmg EDCs, have the potential to induce several types 
of toxichy (e.g. BPA, Wetherill et al. 2007), thus the complexhy of dose-response 
relationships observed in both laboratory experiments (Chapter 5) and in the field 
(Chapter 6) could potentially represent different threshold levels for the various types of 
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toxicity induced simultaneously by oil and copper, respectively. However, non-
monotoninc dose-response curves (particularly at low-dose exposures) are generally not 
well understood or accepted (e.g. Calabrese 2005; Mushak 2007). Nevertheless, the 
resuhs of this thesis indicate that a proteomic approach (mcluding both discovery and 
subsequent identification of key-molecules and theh interactions) could potentially 
unveil some of the mechanisms and biological interactions involved in biphasic dose-
response relationships, especially if put together with other 'omics' technologies, 
bioinformatics/chemometrics, as weh as cyto and histochemistry etc. mto a 'systems 
biology' (e.g. Morel et al . 2004) or a 'biomics' (Couhon 2004) strategy. Another 
advantage of a mechanistic iasight is that h might be possible to determme whether an 
observed endocrine disturbance is a prhnary response unrelated to toxichy, or a 
secondary response that arose as a result of pathological processes caused, for example, 
by metaboKc toxicity. Such insight could improve the overall understanding of the 
'endocrme-disruption-phenomenon' (e.g. Depledge and Billinghurst 1999). 
Improved understanding of endocrine disruption also requhes hnproved 
knowledge regarding species-specific responses and susceptibility to EDCs (e.g. 
Matthiessen and Johnson 2007). Furthermore, identification of senshive species and 
subpopulation is essential to avoid both 'overprotection' and 'underprotection' of 
ecosystems (Lam and Gray 2001). An important observation made in this thesis work, 
was that not only species (Chapters 4 and 5) but also gender (Chapters 3,4 and 6) have 
variation m response and susceptibhity to natural and anthropogenic compoimds. Thus, 
proteomic analyses could, potentially, reveal i f gender-specific responses are related to 
endocrme disruption, susceptibility or uptake of pollutants. 
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7.1.3 The challenges and pitfalls for proteomics in ERA 
The uhhnate goal for proteomics is to be able to monhor all cellular proteins. 
This requhes that: (1) aU proteins must be quanthatively extracted from the origmal 
biological material; (2) the proteins must be resolved and displayed; (3) each protein 
must be accurately quantified; and (4) the identity of each protein must be determmed 
(Godovac-Zimmerrnann and Brown 2001). These requhements represent some of the 
basic challenges in proteome research and will also influence the qualhy of proteomics-
based ERA. 
Even if the first requhement was achieved, it is evident that no single 
chromatographic or electrophoretic procedure is capable of resolvmg and displaying the 
complex mixture of proteins in a cell or tissue (e.g. Issaq 2001; Patterson 2004; 
Boschetti 2007). For example, as shown for human plasma, the dynamic range of 
protein abundance comprises up to ten orders of magnitude and cannot be covered by a 
single analytical technique (Anderson and Anderson 2002). Although the same dynamic 
range for invertebrate samples has yet to be shown, resuhs from this thesis, as weU as 
those reported in Iherature; indicate a similar challenge for non-human samples. For 
example, SELDI TOF MS (the choice of method for this thesis-work) predommantly 
resolved and detected low-molecular weight protein forms (i.e. M/Z < 20 kDa) m 
accordance whh what has been reported for other studies uthising the same technology 
(m ecotoxicological studies) (Knigge et al. 2004; Larsen et al. 2006; Monsinjon et al. 
2006; Gomiero et al. 2006). Conversely, 2DE technology favours detection of larger 
protem forms (e.g. Lopez et al. 2001; Jonsson et al. 2006; Apraiz et al. 2006), and has 
limhed access to low-molecular weight proteins as well as low-abundant and 
membrane-bound proteins (e.g. Ahmed and Rice 2005; Lay et al. 2006). Accordingly, h 
is uncertain how much of the proteome(s) are being resolved and displayed by current 
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methodologies (Patterson 2004). However, a combined use of proteomic technologies 
and separation methods with different mechanisms of separation (e.g. ion exchange, 
partition, adsorption, affinhy, size exclusion etc.) could improve the chances of 
resolvmg and detecting larger parts of the complex protein mixtures constituting the 
proteome(s) (Issaq 2001). 
Nevertheless, after the protems have been resolved and displayed, the next 
challenge is how to handle the large datasets resulting from 'omics' analyses. Thus, one 
of the biggest advantages of 'omics' technologies (i.e. simuhaneous analysis of 
thousands of biomolecules), could be hs greatest phfaU (e.g. Lay et al. 2006). Extractmg 
the useful information from these overwhelming datasets (e.g. recognising the 
molecules with greatest prognostic or diagnostic potential) requhes sophisticated 
biomformatics/chemometrics tools and knowledge (Bhon et al. 2006; Urfer et al. 2006). 
Otherwise, h could be difficuh (impossible) to find the right 'needle' hi the 'haystack of 
needles' (Baak et al. 2005), and we might also be in danger of 'throwing the baby away 
with the bath-water' (Coulton 2004). Furthermore, even whh statistical tools there is a 
risk of misinterpretation, as well as overfitting of data. Overfitting often happens when 
statistical models are created with too few samples in combination with too many 
variables (e.g. Wiemer and Prokudhi 2004). The potential consequences of overfitthig 
are poor reproducibilhy of resuhs, and 'false discovery' (Baggerly et al. 2003) 
hicluding, for example, high numbers of false-poshives (i.e. predicted to be affected 
when not) and false-negatives (i.e. healthy when not) (e.g. Lay et al. 2006). Moreover, 
both technical and biological variation (e.g. individual variation, gender variation, 
species variation etc.) will affect the results, and must be assessed properly and taken 
mto consideration (e.g. Karm and Lilley 2007). These are common concerns for all 
apphcations of (prote)omics. However, in ecotoxicology/ERA an extra level of 
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complexity is added by the number of species to understand and protect from 
envhonmental insuhs (e.g. Breithohz et al. 2006). 
Another challenge which is greater in studies of whdlife, than for example, in 
human studies, is the 4* requhement to achieve the aim of proteomics (described by 
Godovac-Zimmermann and Brown 2001): identification of all proteins, and thus the 
link between iprotein expression profiles and distinct cellular processes or condhions 
(e.g. Kuster et al. 2005; Dowhng and Sheehan 2006). Even though mterest in wildhfe 
genomics emerged dming the last decade (e.g. bivalve-genomic, Saavedra and Bachere 
2006), very few sequence data exist for a number of phyla, and, within the majority of 
each phylum, less than one single sequence exists per species (Snape et al. 2004). This 
is reflected in the low number of successful identifications of putative protehi 
biomarkers in ecotoxicological studies (reviewed by Monsinjon and Knigge 2007). For 
organisms where there is Ihnhed or no genetic information, it is essential to identify the 
exact sequence of amino acids (that make up the protem(s)) to match to previously 
characterised proteins or genes (e.g. Apraiz et al. 2006). However, the utility of a de 
novo sequencing approach is highly dependent on the precision of mass spectrometry 
(Frank et al. 2007), indicating that not all instrumentations are equally suhable (e.g. 
Scigelova and Makarov 2006). 
7.1.4 Overall summary 
Although the resuhs of this thesis must be considered prelimmary, several 
mteresting discoveries were made (hi the laboratory and field), supporting the 
hypothesis that proteomics could make a valuable contribution to ecotoxicology and 
ERA. These include: 
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(1) SELDI TOF MS and ProtemChip array technology were applicable to plasma 
samples from three marme mvertebrate species. 
(2) 'Protem expression' appeared to be a senshive endpoint, as aU exposure regimes 
significantly affected protehi expression in selected test organisms (Chapters 3-6) even 
at exposure concentrations that were 2000 thnes lower than the current discharge limhs 
for the actual compounds (Chapter .5). Being able to detect, assess and understand low-
dose effects is particularly important for EDCs, smce endocrine disruption has been 
shown to occur at very low levels of exposure, below the threshold levels for other 
types of toxicity (e.g. IPCS 2002). 
(3) Each test compound and mixture induced an unique protein expression signature m 
the test invertebrates (Chapters 3-6), although some protehi features were affected by 
several compounds (e.g. Chapters 3 and 4), holding promises for a better understanding 
and prediction of 'mixture effects' by identification of key molecular pathways for 
various compounds alone and m combination. 
(4) Protein expression signatures contained information that reflected chemical dose in 
controlled laboratory experiments (Chapter 5) and in the field (Chapter 6). Furthermore, 
resuhs revealed that a complex combination of dose-response relationships occurred (in 
the same organism) followmg exposure to envhonmental pollutants. These included 
normal linear dose responses and non-monotonic, hormetic-like dose-response 
relationships (Chapters 5 and 6), emphasising the strengthof a multi-endpoint approach, 
and the vuhierabilhy of single endpoint and shigle-thne-point analyses if the 'wrong' 
endpoint and/or thne-point was chosen. 
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(5) Protein expression signatures also reflected species sensitivity (Chapters 4 and 5) 
and gender sensitivity (Chapters 3,4 and 6), and these aspects need to be included in 
monhoring programmes to achieve the right level of envhonmental protection (Lam and 
Gray 2003). 
(6) In addition, results revealed that protein expression pattern/toxic responses were 
affected by exposure regime (e.g. exposmre time) and seasonality (Chapter 6), 
confirming the need for establishing baseline data and the potential for proteomics in 
achieving such data. 
(7) Finally, since the datasets are relatively large (compared to most of the studies in 
published Iherature), the results are robust and could provide many new biomarkers for 
envhonmental monhoring once the identity of interesting peaks have been confirmed. 
7.2 Future perspectives 
During the course of this study, h became increasingly clear that more research 
is needed to gain improved understandmg and prediction of anthropogenic hisuhs on 
marme ecosystem utilising a proteomic approach. Uhimately, proteomics analyses 
should be mcorporated into an even more holistic 'systems biology' approach. 
However, some of the more specific requhements to achieve this aim are discussed m 
the following four sections (not m any order of priority). 
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7.2.1 Gather baseline information 
As proteomics application in ecotoxicology is in its infancy (e.g. reviewed in 
Knigge and Monsinjon 2007), knowledge of normal variation of response must be 
obtained to avoid inappropriate conclusions regarding the toxichy of a chemical and 
mechanisnis of actions involved. The resuhs of this thesis indicated that season, gender 
and species affect protein expression pattems in invertebrates. Therefore, rnapping 
variations due to (at least) seasonal changes and gender should be done for an 
ecological relevant selection of species. Furthermore, variations should ideally be 
assessed on both reference (heahhy) and exposed organisms (in combmed laboratory 
and field studies), to see how much seasonality (reproductive cycles, temperature, food 
supply etc.) affect the toxic responses to envhonmental pollutants. 
7.2.2 Validation of the experiments and results from this thesis 
Interesting resuhs obtained in this thesis must be vaUdated against tradhional 
biomarker endpoints and through new experiments with improved experimental design 
that include: (1) investigations of gender and species-related uptake^ioaccumulation of 
chemicals in combmation with further investigations of species and gender-related 
effects of exposure; (2) dose-response studies (in laboratory and field) that include a 
greater concentration range (and thus more doses/exposure groups) for several 
chemicals (in addhion to oil and copper) in order to unveil threshold levels for various 
types of effect, and improved insight into low-dose effects as well as hormetic-lhce 
dose-response relationships; (3) investigation of mixture effects by analysis of effects of 
compounds alone and hi combmation with various other relevant compounds (related to 
a realistic field situation) to understand the mechanisms of mixture-toxicity; (4) 
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methodical hnprovements such as pre-fractionation of samples prior to proteomic 
analysis, combined use of several protein arrays (at least for inhial screening), as weh as 
inclusion of other (prote)omic methods; and (5) more focus on Good Laboratory 
Practice (GLP) in order to have reproducible and trustworthy resuhs. 
Furthermore, all experiments should include an even higher number of samples 
to increase the statistical power (and decreased the risk of overfitthig the data). Because 
of the limhed available genomic sequence hiformation for many of the ecological 
relevant test species (hicluding the ones used in the present study), h could be usefiil to 
mclude a weU-characterisedmodel species such as zebrafish (Danio rerio) for 
comparative studies of responses to anthropogenic compounds. Moreover, although not 
tested in this study, investigation of effects at different life stages (hi comparison with 
morphological endpomts) could be very interesting to reveal 'critical exposure 
windows' during development. 
7.2.3 Protem identification and mechanistic studies 
Once potential biomarkers (protein forms) have been discovered and vahdated 
(Section 7.2.2), these should be identified, to find new biomarkers for momtoring 
purposes and to gam improved understanding of mechanisms of action for the selected 
compounds. Identification will involve use of appropriate protein separation and 
purification tools (e.g. LC chrornatography and/or ready-made purification khs from, 
for example, Bio-Rad), followed by HPLC-MS/MS (ORBITRAP) analysis to facilhate 
the protein identification and de novo sequencing (which is most likely necessary at 
least for the marine invertebrate samples). 
For mechanistic understanding, h is also important to investigate how the 
identified molecules interact with other molecules at the cellular level (e.g. proteins. 
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DNA) (Joyce.and Palsson 2006). As posttranslatioha! modifications (PTMs) have a 
major influence on various essential cell functions such as signal transduction, 
metabohc maintenance and cell division (e.g. Remders and Sickmann 2005), 
investigation of occurrence and effect of PTMs in mvertebrates following exposure to 
envhonmental compounds should be pursued. 
7.2.4 Making the information/knowledge accessible and user-
friendly for the 'users' 
For resuhs obtained m ecotoxicological research to be useful m ERA, h must be 
possible for policy makers to interpret these resuhs into actual health risks (e.g. Dagnino 
et al. 2007). Thus, the development of easy-to-use-kits based on putative protehi 
biomarkers could be a potential use of proteomic information for both decision makers 
and other industrial users. These kits could, for example, be developed using biosensor 
techology, (analogue to blood glucose monitoring in diabetes patients) (e.g. Mascmi et 
al. 1987; Zhao et al. 2007; Der and Dattelbaum 2008). Interestmg biomolecules (i.e. 
mtact or modified peptides/proteins), identified in Section 7.2.3, could be coupled to 
biosensors for automated monitoring of general or more specific responses to 
envhonmnetal poUutants (or other types of envhonmental stress). There are many types 
of biosensors and applications (e.g. reviewed in Mulchandani et al. 2001; Roderiguez-
Mozaz et al. 2004; Andreescu and Marty 2006; Ahmed et al. 2008; Grieshaper et al. 
2008; Sapsford et al. 2008). However, the principle for a protein-based biosensor-kit for 
automated envhonmental monitoring would be based on molecular 
interaction/recognhion (e.g. Cooper and Waters 2005). This would involve 
immobUising a suhe of purified diagnostic/prognostic proteins/antibodies onto a sensor 
surface and then screening the sensor surface against adequate biological extracts (e.g. 
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cell and tissue culture conditioned media, cell extracts, biological fluids, skin mucus, 
etc.) to detect a source of binding partners for the target pi:otein(s). The reaction and 
subsequent electronic signal firom the sensor (e.g. Roderiguez-Mozaz et al. 2004) could 
then be converted into an easy interpretable 'yes or now' resuh, or alternative into a 
quanthative resuh (e.g. concentration level). 
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Abstract 
Within the BEEP project (Biological Effects of Environmental Pollution in Marine Ecosystems) the Work Package 1 was addressed to the 
development of new and more sensitive biomarkers of exposure in several sentinel organisms. Within this framework, common mesocosm exposures 
of organic pollutants relevant for marine ecosystems were conducted in the facilities of Akvamilj0 a/s (Stavanger, Norway). In the first experiment, 
Atlantic cod (Gadus morhua), turbot (Scophtltaltmis maximus) and shore crab (Carcinus maenas) were exposed to nonylphenol, North Sea cmde 
oil and a combination of cmde oil and alkylated phenols. Mussels (Mytilus eduUs) were exposed to North Sea cmde oil and a combination of 
cmde oil, alkylated phenols and PAHs. In the second experiment, Atlantic cod, turbot, mussel and spider crab {Hyas araneiis) were exposed to the 
plasticizers bisphenol A and diallyl phatalate and the brominated flame retardant BDE-47. The main purpose of the present study was to provide 
the 30 participating Instimtes with samples which had been exposed to defined contaminant concentrations in a controlled laboratory exposure 
for 3 weeks. This paper describes the mcsocosm experimental design, the transplantation and treatment of the organisms, and the contaminant 
exposures. 
© 2006 Elsevier B.V. All rights reserved. 
Keywords: Atlantic cod; Turbot; Shore crab; Spider crab; Mussel; Crude oil; PAH; Bisphenol A; Diallyl phatalate; PBDE; Plasticizer; Biomarkers; Marine ecosystem; 
Mesocosm 
1. Introduction 
Within the EU funded BEEP project (Biological Effects of 
Environmental Pollution in Marine Ecosystems) the main objec­
tive of Work Package 1 was to develop new and more sensitive 
biomarkers of exposure in several sentinel organisms. In partic­
ular, new technologies, such as genomics and proteomics, have 
been applied to ecotoxicology; a special effort was devoted to the 
implementation of these new molecular approaches. Moreover, 
due to the importance of linking the biological effects of pollu­
tants to their consequences at the population level, the activities 
had been developed aiming to identify biomarkers capable of 
reflecting the effects to toxic chemicals on the reproductive per­
formance of the organisms. A major challenge was to improve 
and develop knowledge of biomarkers in marine organisms com­
monly utilized in monitoring programs exposed in laboratory to 
various classes of pollutants. 
The main purpose of the present exposure study was to 
provide the 30 different participating institutes with samples 
' Corresponding author. Tel.: +47 51875500; fax: +47 51875540. 
E-mail address: rolf.sundt@irisresearch.no (R.C. Sundt). 
which had been exposed to defined contaminant concentra­
tions in a controlled laboratory exposure for 3 weeks. This 
paper describes the mesocosm experimental design, the trans­
plantation and treatment of the organisms, and the contaminant 
exposures. 
Adequate laboratory and support facilities have been neces­
sary to perform this task. It was considered important to use a 
large-scale experimental facility ("mesocosm"), since exposures 
to known levels of contaminants under controlled conditions 
was an important issue. Therefore, all the biomarkers, devel­
oped in the different laboratories, were validated in comparison 
with well-known biomarkers (core biomarkers) in two com­
mon exposure experiments performed by IRIS (International 
Research Institute of Stavanger AS) researchers at AkvamiIj0 
a/s (Stavanger, Norway). The indoor mesocosm facility consists 
of 400 and 600 L glass fibre tanks and exposure dosing systems. 
A detailed description of the continuous flow system used for 
oil dispersions is given by Sanni et al. (1998) and a diagram of 
dosing system is shown in Fig. 1. 
Several species representing different phylogenies and feed­
ing types were included. Selection was based on availabil­
ity together with ecological and economical relevance. The 
Atlantic cod (Gadus morhua) has considerable ecological and 
0166-445X1$ - see front matter © 2006 Elsevier B .V. All rights reserved, 
doi: 10.1016/j.aquatox.2006.02.012 
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Seawater 
NP Crude oil Caide oil + AP Control 
Exposure tanks 
Fig. 1. Diagram of die crude oil and alkyl phenol (AP) dosing system used in 
the September/October 2002 experiment (NP=nonylphenol). 
economical importance and can be both pelagic and associated 
with bottom. Turbot (Scophthalmus maximus) represents bot­
tom dwelling fish that stays in close contact with the bottom 
sediment. Both species can be purchased from the fish fanning 
industry. Mussel (Mytilus edulis) and shore crab (Carcims mae­
nas) are found mainly in the littoral zone on rocky bottom while 
the spider crab (Hyas araneus) has a deeper distribution. These 
three invertebrate species have wide geographical distribution 
and are available for catch either by scraping or by baited traps. 
Historically, invertebrates have been used as models for testing 
toxic chemicals routinely already (de Fur, 2004). 
The compounds selected for the mesocosm exposures were 
selected on their ecological relevance. Environmental pollu­
tion related to petroleum exploitation and transport in the 
aquatic environment is a general problem worldwide. Acci­
dental oil spills and vessel accidents have occurred in several 
countries (Pastor et al., 2001; Le Hir and Hily, 2002; Alvarez-
Salgado et al., in press; Garcia de Oteyza and Grimah, in press; 
Papadimitrakis et al., 2006). Therefore, crude oil from a North 
Sea field (StatQord B) was used; content of polycyclic aromatic 
hydrocarbons (PAHs) represented about 1.5% of the total weight 
(Table 1). 
A mixture of alkyl phenols (APs) and PAHs was designed to 
simulate the exposure of marine organisms to produced water 
from offshore oil installations. Produced water, a by-product 
from oil production, is a highly complex mixture of water and 
trace amount of oil. PAHs and APs are some of the compounds 
present and aromatic compounds give the most important con­
tribution to toxicity (Utvik, 1999). Various effects due to oil and 
produced water exposures have been reported in marine organ­
isms, including effects on reproduction (Krause, 1994; Giesy 
et al., 2000; Aarab et al., 2004), development (Baldwin et al., 
1992), genotoxicity (Harvey et al., 1999; Aas et al., 2000; Taban 
et al., 2004), metabolism (Narvia and Rantamaki, 1997; Jonsson 
Table 1 
PAH measurements of the crude oil and water in the mussel exposuns November-December 2002 
Day of exposure: 7 7 7 7 24 24 24 
Exposure dose: Crad oil Control Ippm 1 ppm + spike FW 1 ppm Control Ippm lppm +spike 
Compound mg/kg lJ.g/kg IJig/kg |Ag/kg |J.g/kg P-gflcg l^ gflcg 
Naphthalene 1147 0.009 1.17 25.6 1.12 0.006 0.795 19.9 
Cl-naphthalene 3787 0.017 3.57 57.0 3.41 0.009 2.56 46.3 
C2-naphthaIene 5289 0.014 4.11 51.2 3.62 0.011 3.22 45.3 
C3-naphthaIene 3830 0.005 2.47 16.4 1.95 0.007 2.03 15.2 
Acenaphthylene 10 <0.005 0.005 <0.005 <0.005 <0.005 0.005 <0.005 
Acenaphthene 10 <0.005 <0.005 0.010 0.007 <0.005 <0.005 0.005 
Fluorene 136 <0.005 0.088 2.572 0.088 <0.005 0.067 , 2.29 
Phenanthrene 253 <0.005 0.179 2.075 0.155 <0.005 0.135 1.96 
Cl-phen/anthr 460 <0.005 0.292 2.579 0.253 <0.005 0.261 2.60 
C2-phen/anthr 439 <0.005 0.291 0.940 0.149 <0.005 0.270 0.97 
Dibenzothiophene 92 <0.005 0.056 0.555 0.064 <0.005 0.049 0.54 
Cl-dibenzothiophene 196 <0.005 0.152 0.893 0.116 <0.005 0.138 0.92 
C2-dibenzothiophene 233 <0.005 0.183 0.609 0.074 <0.005 0.164 0.64 
Fluoranthene 3 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 
Pyrene 9 <0.005 0.007 0.007 <0.005 <0.005 0.007 0.007 
Benzo(a)anthracene 3 <0.005 <0.005 <0.005 <0.005 <0.005 0.005 <0.005 
Chrysene 24 <0.005 0.016 0.017 0.005 <0.005 0.016 0.017 
01-chrysene 38 <0.005 0.030 0.031 <0.005 <0.005 0.028 0.030 
C2-chrysene 41 <0.005 0.037 0.039 <0.005 <0.005 0.034 0.036 
B enzo(6)fluoranthene 8 <0.005 <0.005 0.005 <0.005 <0.005 0.006 <0.005 
Benzo(/:)fluoranthene 0 <0.005 <0.005 <0.005' <0.005 <0.005 <0.005 <0.005 
Benzo(Z)+/:)fluoranthene 7 <0.005 <0.005 <0.005 <0.005 <0.005 0.008 <0.005 
Benzo(a)pyrene 5 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 
Indeno(l ,2,3-cd)pyrene 0 <0.005 <0.005 <0.005 <0.005 <0.005 0.005 <0.005 
Benzo(g,/i,Opeiylcne 2 <0.005 <0.005 <0.005 <0.005 <0.005 0.006 <0.005 
Dibenzo(a,/i)anthracene 0 <0.005 <0.005 <0.005 <0.005 <0.005 0.005 <0.005 
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et al., 2004) and alterations in protein expression (Gimeno et al., 
1998; Hasselberg et al., 2004; Bj0mstad et al., 2006). 
Toxicity of APs to different species has been reported in lit­
erature for marine organisms, such as fish (Hall and Kier, 1984; 
Lipnick et al., 1985) and shrimp (McLeese et al., 1979, 1981). 
hi the first mesocosm exposure, 4-nonylphenol (NP) was used 
as a positive control for endocrine dismption effects. NP is used 
in the production of nonylphenol ethoxylates (NPEs), NP phos­
phates and aminocarbar insecticides (Maguire, 1999). NPEs are 
a large group of non-ionic surfactants employed in lubricating 
oils, plastics, household and industrial detergents, paper and tex­
tile industries; NP phosphates are commonly used as stabilizer 
and antioxidant agents in both rubber and plastic industries (Lee, 
1999). In the aquatic environment, NPEs are biodegraded to 
deethoxylated intermediates, of which NP is the final product. 
NP has a low solubility in water, therefore it is more persistent 
than NPEs (Heinis et al., 1999). Moreover it is highly lipophilic 
and may consequently be accumulated by aquatic organisms 
(Ekelund et al., 1990). NP is known to alter the hormonal sys­
tem of several organisms. Previous studies demonstrated that 
NP can mimic the action of endogenous estrogens by binding 
estrogen receptors in fish (Sonnenschein and Soto, 1998; Ying 
etal., 2002). 
In general, estrogens and estrogen mimics that enter the 
environment are known to present a serious threat to the develop­
ment and reproduction of vertebrates by disrupting their normal 
endocrine function. Some compounds are under consideration 
for their potential effects on the endocrine system, accurate eval­
uations are suggested to identify these negative effects in key 
marine organisms. 
Bisphenol A (BPA; 4,4-isopropyUdene diphenol) is a chemi­
cal intermediate used primarily in the production of epoxy resins 
and polycarbonate products. BPA is a monomer component used 
in numerous consumer products, including food-contact plas­
tics. BPA has been identified in surface waters and, hence, has 
been the subject of considerable research into its potential effects 
on aquatic organisms. Negative effects on reproduction have 
been demonstrated in various organisms (Yokota et al., 2000; 
Kang et al., 2002; Pait and Nelson, 2003; Honkanen et al., 2004; 
Roepke etal., 2005). 
The plasticizer diallyl phtalate (DAP) have been suggested to 
function as xenoestrogen as well (Harris et al., 1997). The phtha­
lates represent a class of chemicals used widely and diversely 
in industry in the production of polyvinyl chloride to make it 
flexible and workable and, to a lesser degree, in paints, lacquers 
and cosmetics (Harris et al., 1997). They are released into the 
environment during manufacturing processes and during the life 
time of the manufactured products as well as through wastewa­
ter discharge and have been detected in sediment, water and air 
(Fatoki and Vemon, 1990). 
Polybrominated diphenyl ethers (PBDEs) are ubiquitous 
chemicals with different bromination degree characterised by 
a substantial industrial use; they are used as flame retardant 
in plastics and in textile coating (WHO, 1994). Commercial 
production consists predominantly of decabromodiphenyl ether, 
after the phase out of the production of penta- and octamixture in 
2004. The annual market demand in 2003 has been estimated as 
56,000 tonnes (Thomsen, 2002). PBDEs are accumulated and 
biomagnified in tiie environment and comparatively high lev­
els are found often in marine biota (de Wit, 2002). Leakage 
of the compound from dump sites into to the environment has 
been demonstrated (Oberg et al., 2002). They are lipophilic com­
pounds, which are easy removed from tiie aqueous environment 
and are predicted to be absorbed onto sediments and particulate 
matter or to fatty tissues, aiding tiieh distribution throughout the 
environment up the food chain (Vos et al., 2003). Their pres­
ence in biota is reported since the 1980s (Christensen et al., 
2002), PBDEs have been measured in more than 50 species 
at different trophic levels in Europe, Asia, North America and 
the Arctic environment. PBDEs are structurally comparable to 
PCBs and DDT and, tiierefore, tiieir chemical properties, persis­
tence and distribution in tiie environment follow similar pattems 
(Gustafsson et al., 1999; Helleday et al., 1999). They are a grow­
ing problem in the environment and concern over their fate and 
effects is warranted (Rahman et al., 2001; Damerud, 2003). In 
particular, effects by dismpting die endocrine system is sug­
gested (Legler andBrouwer, 2003; Vos etal., 2003). We selected 
BDE-47 for tiiis study based on presence of the component in 
biota and deleterious effects after exposure to this compound 
reported by Eriksson et al. (2001). 
2. Exposure system 
The first experiment was carried out over to 3 weeks periods 
from October to December 2002. The exposure was performed 
using a continuous flow system (CFS), designed for performing 
smdies of chronic exposures of marine organisms to mixtures 
of poorly water soluble substances. Oil dispersions were made 
mechanically by passing oil and seawater through a high pres-
siure mixing valve. The compositions of the AP and PAH mix­
tures used in the spike, as well as the composition of PAHs in 
the crude oil are listed in Tables 1-3. 
The spike was made by mixing equal amounts of the two solu­
tions. Acetone (grade >99.5%) was used as carrier to enhance 
the dissolution of compounds in water. High precision peristaltic 
pumps were used to ensure the correct doses in the exposure 
tanks. The spike was added to the oil emulsion via a 5 L flask 
Table 2 















S8 R.C. Sundt et al./Aquatic Toxicology 78S (2006) S5-S12 
Tables 
Composition of alkyl phenols (APs) in mix and amounts of APs in water from 
header tank (average of three GC/MS measurements in the September-October 
2002 experiment) 
AP compound g/Lin mix No.ofC AP in water (ppb) 
P-cresol 33.800 Ci 89.567 ± 14.01 
M-ethylphenol 6.540 C 2 36.167 ± 5.050 
3,5-Dimethylphenol 6.540 
2,4,6-Trimethylphenol 3.800 C 3 16.400 ± 1.819 
2-tett-butylphenol 0.236 C4 0.120 ± 0.069 
3-tert-butylphenol 0.236 
4-Butylphenol 0.236 
4-Pentylphenol 1.620 C5 
-
S C 1 . 5 APs Cl-5 142.205 ± 20.774 
Nonylphenol C 9 43.923 ± 25.818 
with spin-bar mbcing. Sea water for the experiment was taken 
from 80 m depth (below the thermodine) and filtered through a 
sand filter, salinity was 34%o and temperature 11 ± 1 °C. 
3. Transplantation and maintenance of organisms 
Juvenile Atlantic cod and turbot were purchased from Grieg 
Marine Farms A/S, Nedstrand and Stolt Sea Farm, 0ye, respec­
tively. Both species were fed with dry palletized fish fodder 
(Dana feed marine, 14% fat) daily the first 2 weeks of exposure. 
To secure sufficient amount of bile, fishes were starved during 
the last week before the sampling. 
Adult specimens of shore crab and spider crab were collected 
by baited traps from a clean site at Karm0y Island, westem Nor­
way. Crabs were fed throughout the entire experiment with raw 
shrimps (Pandalus borealis) collected from a clean site. Mus­
sels (7 ± 1 cm) were collected below the low water mark in a 
clean site in F0rlandsQorden (westem Norway). Mussels were 
fed once daily with a dense solution of Isocrysis galbana (2L 
of algae solution per tank). All organisms were held 2 weeks in 
quarantine at the experiment facility prior each exposure exper­
iment. 
4. First mesocosm exposure: oil, AP and NP 
During the period September-October 2002, cod, mrbot, 
shore crab and mussel were exposed for 3 weeks to: (a) 0.5 ppm 
of North Sea cmde oil (Statfjord), (b) 0.5 ppm of North Sea 
cmde oil spiked with 0.1 ppm AP mix, (c) 30 ppb NP (nominal 
concentrations) and a control (Table 4). 
Due to uncertainty around the pathogenic condition of the 
mussels from this first experiment, an additional experiment was 
conducted with this species in November-December 2002. Mus­
sels were then exposed for 3 weeks to: (a) 0.5 ppm of North Sea 
cmde oil, (b) 0.5 ppm of North Sea cmde oil spiked with 0.1 ppm 
AP mix and 0.1 ppm PAH mix (nominal concentrations) and (c) 
a control. The cmde oil contains approximately 1.5% PAHs of 
weight and distribution of compounds is given in Table 1. 
The spike was prepared by mixing equal amounts of the AP 
and PAH solutions. The final acetone stock contained 32.36 g 
hydrocarbons per litre and this spike mixture was dosed at 0.2 mg 
total hydrocarbons/litre seawater. Nominal concentrations of 
spikes were 0.0915 |xg/L for total PAH mix and 0.1 |xg/L for 
total AP mix. 
The AP mix was manufactured by CHIRON a/s and the 
amounts of the different components are given in Table 3. There 
was no lethality of organisms during the experiment. 
4.1. Exposure monitoring 
In the September-October 2002 experiment the size distri­
bution and quantity of oil droplets was measured by a Coulter 
Multisizer® equipped with a 70 mm aperture mbe. Samples were 
collected from the inflow in order to avoid pardcles other than oil 
in the seawater (algae, feces, micro-organisms) and 2 x 500 jxL 
water was analysed. Data is shown in Table 5. The method was 
Table 4 
Nominal concentrations of contaminants (ppm) and methods employed for exposure monitoring 
Species and exposure period NP Crude oil Crude oil/APs Crude oil/PAHs/APs Bisphenol A BDE-47 DAP 
Adantic cod September/October 2002 0.03^  0.5''-'= 0.5/0.1= _ _ _ _ 
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0.05' 0.005f'S 0.05" 
= APs in water from header tank by GCMS. 
" Oil droplets in water by multi sizer. 
' PAH metaboUtes in bile by GCMS. 
PAH in water from header tank by GCMS. 
' Bisphenol A in tank water by GCMS. 
f PBDE in tank water by GCMS. 
K PBDE in tissue by GCMS. 
" DAP in tank water by GCMS. 
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T a b l e s 
Average estimates of oil concentration in water from the September-October 
2002 experiment, based on 15 multi seizer measurements on water from inflow 
Species Crude oil (ppm) Cmde oil and APs (ppm) 
Atlantic cod and turbot 0.515 ±0 .218 0.484±0.n4 
Shore crab and mussel 0.560 ±0.196 0.609 ±0.262 
All tanks combined 0.535 ±0.201 0.546 ±0 .194 
validated with fluorescence measurements. In order to confirm 
uptake of PAHs in fish, PAH metaboUtes in bile were measured 
with gas chromatography/mass spectrometry (GC/MS). Method 
for extraction and analysis is described by Jonsson et al. (2004) 
and data are shown in Table 6. 
Water samples for determination of APs were collected 7th, 
10th and 14th of October. In order to avoid analytical interfer­
ence with the PAHs, samples were taken from the header tanks. 
APs were derivatized in the water phase under basic conditions 
(pH > 8) to methyl phenyl carbonates, followed by extraction 
with cyclohexane (Grahl-Nielsen and Landgren-Skjellemdsven, 
1982). Qualitative and quantitative determinations of alkylated 
phenols in tiie exti-acted samples were done by GC/MS in 
the selected ion monitoring (SIM) mode. Data are shown in 
Tables. 
In the repeated mussel experiment (November-December 
2002) concenti^ tions of PAHs in water were quantified by 
GC/MS. Water samples were extracted prior to analysis by 
liquid/liquid extraction with cyclohexane. The 16 PAH com­
pounds which are included in the US Environmental Protection 
Agency (EPA) list of priority pollutants were analysed including 
benzo(&+/:)fluoantiiene and tiie alkylated congeners of naphtha­
lene (C1-C3), phenanthrene/anthracene (C1-C2) and chiysene 
(C1-C2). In addition, botii tiie parental and C1-C2 congeners of 
dibenzothiophene were determined. In order to get a measure of 
the amount of PAHs that had left the oil droplets into the water, 
a sample of filtered water was analysed. Oil droplets were col­
lected on a 0.45 ixm Whatinan GF/F 55 mm diameter filter from 
a 2L oil emulsion sample. 
The Ci-5 APs, Ci phenols (p-cresol), C2 phenols (m-
ethylphenol and 3,5-dimethylphenol), C3 phenols (2,4,6-tri­
methylphenol), C4 phenols (2-(l,l-dimeaiyl)ediylphenol, 
3-(l,l-dimetiiyl)ethylphenol, 4-butylphenol), C5 phenols 
(pentylphenol), and C9 (nonylphenol) in water were measured 
S9 
Table? 
Exposure conditions for the exposure in March-April 2003 
Compound Nominal Mean measured Number of 
concentrations concentrations measurements 
(|ji.g/L) (ixgrt.) 
Bisphenol A 50 59.4 ±10.659 7 
(Diphenylopropane) 
BDE.47 (2,2',4,4' tetra 5 0.23±0.189 8 
bromo diphenyl'ether) 
Diallyl phthalate 50 38.3 ±9.693 6 
Water samples were measured by GC/MS. 
hy GC/MS. Mediode is described by Grahl-Nielsen and 
Landgren-Skjellemdsven (1982). 
5. Second mesocosm exposure: BPA, DAP and BDE-47 
During tiie period March-April 2003, cod, turbot, spider 
crab and mussel were exposed for 3 weeks to: (a) 50 ppb of 
BPA (Merck, EC No. 201-245-8, purity >97%), (b) 50 ppb of 
DAP (Huka EC No. 2050163, purity >98%) and (c) 5 ppb of 
BDE-47 (Chiron Product no 1688.12, purity >95.6%) nominal 
concentrations. Exposure concentrations were selected based 
on previously reported LC50 values tiiat were divided with a 
factor 100. Acetone (grade >99.5) was used as carrier for all 
components; the concentration in the exposure units was kept 
lower tiian 2 ppb (PNEC 25 ppb). No lethality of organisms was 
recorded during the experiment. 
5.1. Exposure monitoring 
Water samples for analysis of BPA and DAP were col­
lected from the tanks and preserved with HCl. Compounds were 
extracted by solid phase extraction onto Strata-X adsorbent (Phe-
nomenex, USA) and eluted with acetone. Analysis of samples 
were performed by a gas chromatograph (GC; 5890, Hewlett-
Packard, USA) connected to a mass spectrometer (MS; 5972, 
Hewlett-Packard). The GC was equipped with a 30 m Zebron 
ZB-5 capillary column witii 0.25 mm i.d. and 0.25 ixmfilm thick­
ness (Phenomenex). Average water concentrations of BPA and 
DAP are shown in Table 7. 
Water samples for BDE-47 analysis were collected from the 
tanks, preserved with HCl and stored at 2-4 °C prior analyses. 
Table 6 
PAIl metabolites (mg/L, measured by GCMS) in fish bile from Uie September/October 2002 experiment 











0.021 ±0 .036 
0.975 ±0.331 





0.170 ±0 .026 
0.091 ±0.068 







0.952 ±0 .078 
nd 
0.008 ±0 .006 
0.594 ±0.101 
0.368 ±0 .024 
0.926 ±0 .404 
nd 
0.174 ±0 .022 
0.156±0.050 
0.120±0.023 
0.222 ± 0.045 
0.068 ± 0.013 
7.306 ± 1.332 
52.875 ± 15.648 
27.993 ± 7.767 
1.090 ± 0.224 
11.145 ±3.029 
6.236 ± 1.052 
1.239 ± 0 . 3 0 2 
Quantification limit 0.005 p,g/L for single components, nd, not detected. 
if 
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Two hundred miUUiter were first extracted with 50 mL hexane 
and second with 50 mL toluene. Both extracts were combined, 
dried over Na2S04 and volume reduced to 50 nL. 
In order to confirm uptake of BDE-47 to the organisms, liver 
from cod and mrbot as well as Whole soft tissue of mussel were 
analysed. The biota samples were collected and stored at -20 °C 
in glass containers. Prior to analysis samples were extracted and 
prepared as described previously (Herzke et al., 2002). Briefly, 
tissue samples were homogenized, subsequently dried in a 10-
fold amount of dry sodium stilfate, and extracted. The amount 
of extractable organic material was determined gravimetrically. 
Lipid removal was performed on a gel permeation chromatogra­
phy (GPC) system. An additional fractionation was carried out 
on a florisil column. A recovery standard (octachloronaphtha-
lene, 10 (JLL of a 1 ng/jxL solution in isooctane) was added prior 
to quantification. 
For quantification, crystalUne reference material was ob­
tained from Cambridge Isotope Laboratories. (Wobum, MA, 
USA). Solvents of pesticide grade were employed (E. Merck, 
Darmstadt, Germany). '^ C-isotope labeled BDE-77 purchased 
from Cambridge Isotope Laboratories (Wobum, MA, USA) 
was used as internal standard. Analysis was performed by a 
8560 Mega gas chromatograph (CE Instmments, Milan, Italy) 
was equipped with a 30 m DB5-MS column (0.25 mm i.d. and 
0.25 (xm film thickness; J&W, Folsom, USA), a guard column 
(0.53 mm i.d., 2.5 m length deactivated, J&W) and a restric­
tion capillary (0.18 mm i.d., 1.5 m length deactivated, J&W). 
Helium (6.0 quality, Hydrogas, Porsgrann, Norway) was used as 
carrier gas at a flow rate of 1 mL/min. Two microUter of the sam­
ple extract were injected on-column with an AS800 automatic 
injection system, (CE Instmments). The following temperature 
program was used: 70 °C (2 min), then 15 °C/min to 180 °C and 
5 °C/min to 280 °C (10 min isothermal). Quantification was car­
ried out by low resolution mass spectrometry (LRMS) using 
a MD 800 mass spectrometer (Finnigan, San Jose, CA, USA) 
with an ionisation energy of 70 eV. The transfer line tempera­
ture was held at 280 "C and the source temperature was set to 
220 °C. Quantification of metabolites was performed using a 
Varian 1200 mass spectrometer. The MS was operated in the EI 
mode. Samples were analysed for a set of 9 PBDEs used for stan­
dard environmental monitoring (28,47,71,77, 99,100,138,153 
and 154) in order to detect possible debromination products and 
impurities of the used standard. The samples were screened for 
possible neutral and phenolic metabolisation products of BDE-
47 as well by using the method described by Berger et al. (2004). 
Tables 
Measured concentrations of BDE-47 in tissue by GC/MS, lipid contents in tissue 
and lipid noraialized values 
Species (Ussue) Number of Tissue Lipid pg/g Tissue 
measurements (v-s/s) (%) lipid normalized 
Cod (liver) 2 49.3 ± 2 . 7 63.1 81.8 
Turbot (liver) 2 15.1 ± 0 . 7 7.4 209.0 
Mussel 1 pool of 2 2.9 1.3 225.1 
(soft tissues) 
Lipid content was analyzed according to Folch et al. (1957). 
Lipid analyses were done according to Folch et al. (1957). 
Measured concentrations in water and tissue are shown in 
Tables 7 and 8, respectively. 
6. Discussion and conclusions 
In large-scale exposure experiments, attainment of acceptable 
accordance between nominal and measured concentration of the 
contaminants is a recurring challenge. Due to several chemical, 
physical and biological factors, concentrations in the water may 
differ from thenominal concentration. Uneven partitioning in the 
exposure unit, e.g. coating on surfaces and particulate matter is 
expected to be the major cause. In the present study we conclude 
that real exposure concentrations are within acceptable limits to 
cover the purpose. 
When data from all tanks are combined multi sizer based 
oil concentration data from the 0.5 ppm cmde oil groups from 
the September-October 2002 experiment is 0.535 ± 0.201 ppm 
for the oil groups and 0.546 ±0.194 ppm for the oil/AP 
groups. Measurements from the first mesocosm exposure show 
that most of the smaller PAHs, especially the naphthalene's 
leave the oil droplets for the water. Whilst the most alkylated 
phenanthrenes and dibenzothiophenes still partly remain in the 
oil droplets. Bioavailabihty of PAHs is confirmed by levels of 
metabolites present in bile from cod and turbot. Different levels 
of PAH metabolites (highest concentrations in mrbot) and 
different ratio between 1-OH-naphtalene and 2-OH-naphtalene 
between the two species were observed. This indicates that 
the two fish species have different uptake and capacity to 
metabolise the compounds. Presence of smaller amounts of 
light PAHs in control tanks indicate some airborne carryover 
of volatile compounds from tanks receiving oil and PAH mix. 
GC/MS measurements adjusted for dilution showed that the 
average C1-5 AP concentration was 0.142 ±0.021 ppm (142% 
of nominal concentration). Average measured concentration of 
NP was 146% of the nominal input. 
In the second mesocosm exposure average measured concen­
tration of BPA and DAP was 119 and 77%, respectively. Mea­
sured BDE-47 concentration in water was in average only 4.6% 
of nominal concentration, with increasing tendency throughout 
the experiment, because of remobilisation events. Despite the 
low concentration considerable amounts of the compound have 
been taken up by the organisms (Table 8). The high concen­
trations measured in both cod and mrbot as well as the low 
nominal concentration in the water could be explained by the 
fact that the pure BDE-47 was likely adsorbed to particles, e.g. 
food reminders and faeces, or the container,walls, and by this 
very easy accessible for the animals leading to direct intake of 
the substance. Analysis revealed the tribrominated BDE-28 in 
water and biota as well. The concentration in water was 11.7% 
of the BDE-47 (19.9 ± 8.4 pg/mL). It is not considered likely 
that the presence of BDE-28 in biota is a result of metabolic 
modification of BDE-47, but rather due to incomplete purifica­
tion of the congener in the synthesis process and relative higher 
concentrations (compared with the purity of 95% of the used 
BDE-47) in the water are due to higher water solubility of BDE-
28. Possible contribution to effects is not clarified, but based on 
R.C. Siindt el al. /Aquatic Toxicology 78S (2006) S5-S12 SlI 
relative amounts and expected toxic potential (Iittlemier et al., 
2002) significant toxic contribution from BDE-28 is expected 
to be low. Hydroxylated metabolisation products could not be 
detected in water or in biological samples. 
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and regulatory agencies. This study evaluated the potential of proteomics in ecoloxicoloffcal 
research O.e., ecotoxicoproteomics). Filter-feeding mussels (Mytilus eduiis) were exposed con­
tinuously for 3 wk to oil, or oil sp/fced with alkylpbenols and extra polycyclic aromatic hydro­
carbons. The influence of chronic exposure on mussel plasma protein expression was 
investigated utilizing ProteinCbip array technology in combination with surface-enhanced laser 
desorption/ionization time-of-flight mass spectrometry (SELDI TOF MS). Results indicated that 
exposure to spiked oil had a more signi^cant effect on protein expression in mussels than oil 
alone. In total, 83 mass peaks fmtact or modified proteinslpeptides) were significantly altered 
by spiked oil, while 49 were altered by oil. In exposed organisms, the majority of peaks were 
upregulated compared to controls (i.e., 69% in oil and 71% in spiked oil). Some peaks (32 in 
total) were affected by both treatments; however, the degree of response was higher in the 
spiked oil group for 25 of the 32 commonly affected features. Additionally, certain peaks 
revealed exposure- or gender-specific responses. Multivariate analysis with regression tree-
based methods detected protein patterns associated with exposure that correctly classified 
masked samples with 90-95% accuracy. Similarly, 92% of females and 85% of males were cor­
rectly classified (independent of exposure). Results indicate that proteomics have the potential 
to make a valuable contribution to environmental monitoring and risk assessment. 
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ecosystems and the organisms constituting them. In the early phase of environ­
mental monitoring, the most common approach v^ a^s to measure physical and 
chemical variables with the occasional implementation of biological variables 
(Lam & Gray, 2003). With the realization that some environmental pollutants, 
such as herbicides and insecticides, also produced deleterious effects, atten­
tion moved away from contaminant monitoring to measuring biological 
effects. Biomarkers representing molecular, cellular, and physiological changes 
in an organism, following exposure to various types of pollutants (Peakall, 
1992), emerged as promising and useful monitoring tools in the mid 1980s. 
New biomarkers are being developed constantly; however, it has become 
clear that no single biomarker will serve to indicate the full effect of environ­
mental pollutants (Galloway et al., 2004a, 2004b). Analogous to diagnosis in 
human medicine, it is recognized that most pollutant effects depend on the deter­
mination of suites of responses, rather than any pollutant-specific or disease-
specific response. 
A new trend in ecotoxicology and biomedical research is the application 
of so-called "omics" technologies. These are methods that have the potential 
to monitor complete classes of cellular molecules such as messenger RNAs, 
proteins, and intermediary metabolites in a single analysis (Morgan et al., 
2002; Nicholson etal., 2002; Lau etal., 2003; Botstein & Risch, 2003; Clish 
et al., 2004; Petricoin & Liotta, 2004a), compared to traditional analyses that 
rely on only one endpoint. By allowing simu taneous analysis of thousands of 
genes, proteins, and metabolites, these nevv global technologies have 
enabled a wider approach to biological questions, since toxicity generally 
involves not only changes in a single gene but rather a cascade of gene inter­
actions (Nuwaysir et a., 1999; Aardema & MacGregor, .2002). To date, few 
ecotoxicological studies have utilized "omics" technologies. Snape et al. 
(2004) proposed the term "ecotoxicogenomics" to describe the integration 
of genomics (transcriptbmics, proteomics, and metabolomics) into ecotoxi­
cology, and defined it as "the study of gene and protein expression in non-
target organisms that is important in responses to environmental toxicant 
exposures." The authors emphasized the need for ecotoxicology to move 
toward a more holistic approach, which integrates high-throughput "omics" 
technologies. Identification of endpoints and responses from such an 
approach could potentially improve risk assessment through a clearer insight 
into mechanisms of actions gained by an increased level of Information 
obtained at the molecular level. Improved knowledge regarding cellular con­
trol and defense mechanisms will a low a more robust extrapolation between 
model species and target species (MacGregor 2003), as well as reducing 
uncertainties involved in predicting threshold levels of various types of toxicity. 
It has also been suggested that genetic variation is the major cause for varia­
tion in susceptibility to disease and toxicant exposure variants (Aardema & 
MacGregor, 2002; Ashton et al., 2002; Botstein & Risch, 2003), indicating 
that a certain set of genes or proteins could be used to discover sensitive spe­
cies and (sub)populations. 
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The aim of the present study was to evaluate the potential of proteomics 
as a tool for biomarker discovery and monitoring in ecotoxicological research 
(i.e., the potential for ecotoxicoproteomics}. A case study was carried out 
where suspension feeding musse s (Mytilus edulis) were exposed to environ­
mentally relevant concentrations of oil alone, or oil spiked with short-chain 
alkylphenols (APs) and extra polycyclic aromatic hydrocarbons (PAHs). The 
spike was made to reflect the composition of APs and PAHs found in water 
produced from offshore platforms and installations in the North'Sea oil 
fields. Produced water, a by-product from oil and gas production, is a highly 
complex mixture of water, dispersed oil (microdroplets of oil in water), and 
chemicals. Trace amounts of oil, PAHs, and APs are only some of the com­
pounds present; however, the aromatic compounds are assumed to be the 
most important contributors to toxicity (Utvik, 1999). Various effects of oil 
and produced water compounds were reported in marine organisms, includ­
ing adverse effects on reproduction (Krause, 1994; Giesy et al., 2000), devel­
opment (Baldwin et al., 1992), genotoxicity (Harvey et al., 1999; Aas et al., 
2000; Taban et al., 2004), metabolism (Narvia & Rantamaki, 1997; Jonsson 
et al., 2004), and alterations in protein expression (Gimeno et al., 1998; 
Hasselberg et al., 2004). In spite of much effort, knowledge of the fate and • 
effects of effluents related to oil and gas production is limited, indicating a 
need for continued research, as well as an evaluation of appropriate assess­
ment tools. In the present study, the influence of exposure to oil and spiked 
oil was investigated on plasma protein expression in mussels, searching for 
particular protein forms being either induced or suppressed following expo­
sure to oil alone or to oil in combination with APs and PAHs. 
MATERIAL AND METHODS 
Collection and Maintenance of Animals 
Blue mussels were colleted in late October 2002 at 0.5-1 m depths in 
F0rlandsfjorden (Norway), a fjord classified as clean according to criteria given 
by Norwegian pollution control authorities (SFT). They were transported back 
to the laboratory on ice, transferred immediately to clean running sea water 
(salinity of 34), and kept for 2 wk. The mussels were fed algae {Isochiysis sp.) 
throughout the acclimation and exposure periods. 
Exposures 
Exposures were peri^ ormed using a continuous flow system.(CFS), designed 
for performing studies of chronic exposure of marine organisms to mixtures of 
poorly waterrsoluble substances (described by Sanni et al., 1998). Mussels were 
exposed for 3 wk to either 0.5 ppm dispersed North Sea crude oir(i.e.,'Statfjord 
B oil) or 0.5 ppm oil spiked with a mixture of 0.2 ppm APs and 0.1 ppm extra 
PAHs (nominal concentrations); control mussels received only filtered seawater 
(salinity of 34,10-12°C). Oil dispersions were made mechanically by passing oil 
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TABLE 1. PAH Composition Recorded in Statfjord B Crude Oil and Some Cliaracteristics of the PAH 
Moiecules 
Compound/quantity Statf(ord(pg/goil) Mass (m/z) 
1147.0 128.2 3.34 
3787.3 142.2 3,88 
5288.7 156.2 4.37 
3830.3 170.2 4.86 
10.0 152.2 4.1 
9.7 154.2 3.95 
135.9 166.2 4.21 
252.9 178.2 4.57 
0.0 178.2 4.58 
460.2 192.2 5.1 
439.4 206.2 
91.9 184.2 4.38 
196.5 198.2 
232.9 212.2 
2.6 202.2 5.1 
8.6 202.2 5.1 
3.3 228.2 5.67 
23.9 228.2 5.71 
37.6 242.2 
41.5 256.3 
7.7 252.3 6.4 
0.0 252.3 6.5 
6.9 — 
4.7 252.3 6.3 
0.0 276.3 6.92 
1.7 276.3 7 






























Sum PAH in 1 ppm dose (ng) 16.0209 
Note. Log K^. is the logarithm of the octanol to water coefficient Log values on alkylated PAHs 
are hard to find. A thumb rule is to add from 0.3 to 0.5 log units per methyl group added; see also 
http://logkow.cistl.nrc.ca. A1 ppm oil dosage would equal a quantity of 1 mg oil/kg seawater. 
and seawater through a high pressure mixing valve. The composition of the AP 
and PAH mixtures used in the spike, as well as the composition of PAHs in 
Statfjord B oil, are listed in Tables 1 and 2. The spike was made by mixing equal 
amounts of the two solutions. Acetone (grade >99.5) was used as a carrier, 
and high-precision peristaltic pumps (model 33, Harvard Apparatus, USA, 
purchased from B&K Universa, Nittedal, Norway) were used to ensure cor­
rect doses in the exposure tanks. The spike was added to the oil emulsion via 
a.5-L mixing flask with strorig spin-bar mixing. This flask fed a diluted spike 
solution into the oil emulsion. The acetone carrier enhanced the dissolution 
of APs in water. 
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TABLE 2. Composition of APs and PAHs Used in the Spike 
PAH mix AP mix 
Compound g/L acetone Compound g/L acetone 
Naphthalene 7.649 p-Cresol 33.8 
Cl-Naphthalenes 13.792 m-Ethylphenol 6.54 
C2-Naphthalenes 14.42 3,5-DimethylpKenol 6.54 
C3-Naphthalenes 7.669 2,4,6-Trimethylphenol 3.8 
Fluorene 0.867 2-terf-Butylphenol 0.236 
Phenanthrene 0.779 3-tert-Butylphenol 0.236 
Cl-Phenanthrenes 1.264 4-n-Butylphenol 0.236 
C2-Phenanthrenes 1.089 4-PentyIphenol 1.62 
Dibenzothiophene 0.167 
CI -Dibenzothiophene 0.363 
C2-Dibenzothiophene 0.347 
Sum 48.405 Sum 53.01 
Exposure Monitoring 
Exposures were monitored by frequently measuring the average oil droplet 
size by a Coulter 11 particle size anayzer equipped with a 70-mm aperture 
tube. Oil concentrations were calculated from the estimated particle size and 
number of particles in the water. Semiquantitative fluorescence analysis of 
total hydrocarbon concentration (THC) in the water was measured (as 
described in Aas et al., 2000) five times during the exposure period. Addition­
ally, THC in water was measured twice by gas chromatography (GC; HP5890, 
Hewlett Packard, USA) connected to a mass spectrometer (MS; Finnigan 
SSQ7000, USA) and analyzed in selected ion mode (GC/MS-SIM) as described 
in Baussant etal. (2001). 
Sample Collection 
Hemolymph was withdrawn by needle aspiration from the posterior 
adductor muscle of individual mussels and centrifuged for 10 min at 3000 x g 
and 4°C. The supernatant (plasma) was harvested, and a protease inhibitor 
cocktail (P2714, Sigma-AIdrich) was added (2.5 mg/ml), snap frozen, and 
stored at -80°C until analysis. A gonad smear from each mussel was examined 
under a light microscope for gender determination. Seventy mussels (shell size 
7.5 ± 0.7 cm) were sampled and analyzed per treatment 
Sample Preparation on ProteinChip Arrays 
ProteinChip arrays (from Ciphergen Biosystems, Palo Alto, CA) with vari­
ous chemical or biochemical surfaces (and hence varying chromatographic 
properties) were tested prior to analysis. The principle of these surfaces is to 
selectively retain a subset of proteins of common properties, allowing others 
to be washed away to reduce sample complexity. Each array has eight 
) 
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chromatographic "spots," allowing eight samples or replicates to be analyzed 
per array (detailed description of the ProteinChip array technology is given in 
Merchant & Weinberger, 2000; Issaq et al., 2003; Tang et al., 2004). Protein­
Chip arrays coated with carboxylate groups, providing weak cation-exchange 
(WCX) properties, in combination with a binding buffer containing 50 miW 
sodium acetate (NaAc) and 0.05% Triton X-100 at pH 4.5, were found to bind 
mussel plasma proteins most efficiently. Bioprocessors (Ciphergen Biosystems), 
each holding 12 arrays, and hence allowing 96 samples to be processed in 
parallel, were used for sample processing and incubation. The bioprocessors 
form separate wells above each spot on the arrays, enabling loading of vol­
umes up to 500 |il per well. 
All chromatographic spots were preactivated with 100 |i.l of 10 mM HCl 
for 5 min, rinsed quickly with ultrapure water (3 x 100 |j.!), and incubated with 
100 jil of binding buffer for 5 min, after which plasma samples, diluted 1:10 in 
binding buffer, were applied and incubated (100 \i\ per spot) overnight at 4°C 
with vigorous agitation. Following incubation, the arrays were washed 3 times 
for 10 min with 50 m/W NaAc, pH 4.5, and rinsed quickly with ultrapure water 
twice to remove weakly bound proteins. The arrays were removed from the 
bioprocessor and air dried. A matrix solution (saturated sinapinic acid (Ciphergen 
Biosystenis), resolved in 50% (v/v) acetonitrile/0.1% (v/v) trifluoroacetic acid), 
was applied to each spot of the ProteinChip arrays twice (2 x 0.6 jil per spot), 
allowing the applied solution to dry between applications. 
SELDI TOF MS Analysis 
The arrays were analyzed immediately on a PBS-IIc time of flight mass 
spectrometer using ProteinChip Software version 3.1 (Ciphergen Biosys­
tems), Mass spectra were recorded on the following settings: 91 laser shots/ 
spot surface in a positive ionization mode (65 of the shots were collected, 
starting at position 20 and ending at position 80 of the spot), laser intensity 
214, detector sensitivity 8, detector voltage 2900 V, data acquisition from 
0 to 180,000 Da, and optimum mass range focus from 2500 to 15,000 Da. 
Given the time of flight and the known length of the tube and voltage 
applied, the mass-to-charge ratio (m/z value) for each mass peak is estimated 
automatically. A typical SELDI mass spectrum consists of thg sequentially 
recorded number of ions arriving at the detector (the mass peak height or 
relative intensity) coupled with the corresponding m/z value. The PBS-IIc 
instrument was externally calibrated with bovine insulin (5733.58 Da) and 
bovine immunoglobulin (Ig) G (147,300.0 Da) mass standards (Ciphergen 
Biosystems). 
Data Handling and Statistics 
Data handling is one of the most challenging parts of proteome analysis, 
and numerous bioinforma;tics tools are being developed around current pro­
teomic platforms to help handle, process, and meaningfully interJDret the large 
body of data that is emerging from such analysis. A similar approach to that 
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developed successfully in medical SELDI-TOF MS studies was chosen for our 
data: for example, preliminary data processing and interpretation using the 
Biomarker Wizard feature of the ProteinChip Software (version 3.1) followed 
by multivariate analysis with regression tree-based methods (Breiman et al., 
1984) embodied in Biomarker Pattern software (version 4.0.1). 
Briefly, in Biomarker Wizard, mass spectra from all treatment groups were 
imported into one experimental file. Baseline subtraction was performed and 
the spectra were mass normalized using 3 mass peaks (intact or modified pro­
teins/peptides) prominent in all spectra (m/z 4036 Da, m/z 12,470 Da, and m/z 
27,402 Da), and further normalized to the total ion content for the amplitudes 
of all peaks between 2500 and 180,000 Da in the spectra compared. Back­
ground noise was subtracted from the same m/z region prior to data collection. 
Protein/peptide peaks, with similar m/z values (peak closeness 0.5% of mass) 
were automatica ly grouped across all the spectra together into peak clusters, if 
present in a minimum of 50% of the samples from one treatment group. The 
peaks used to generate these clusters had to meet a minimum signal-to-noise 
ratio (S/N). Being aware of the risk of loosing diagnostic information, only 
peaks with S/N > 5 that were present in the m/z range 2500-180,000 Da were 
collected and evaluated in this study. The data were tested for differences 
between treatment groups using the Mann-Whitney-Wilcoxon test; differ­
ences atp < .05 were considered significant. 
Biomarker Discovery 
After peak detection and preliminary statistical analysis, raw data were 
exported from Biomarker Wizard to Microsoft Excel to determine the pres­
ence/absence/fold changes of peaks between treatment groups, and examine 
the data for potential exposure or gender-specific alterations of proteins. The 
data were exported simultaneously to Biomarker Pattern software for identifi­
cation of potential multivariate patterns classifying exposed and control mus­
sels. The algorithm in this software examines each peak cluster present in the 
spectra and assesses its quality as a classifier (described in Fung & EndePA/ick, 
2002). Based on the selected classifiers, the software generates and tests differ­
ent classification models, using a cross-validation method that randomly picks 
10% of the samples. The models (classification trees) with the best prediction 
success and lowest error costs were chosen for further testing. Mass spectra 
from unknown samples were classified subsequently by likeness to the pattern 
found in the plasma mass spectra used to create the classification model. Fifty 
samples from each treatment group were used to build the classification mod­
els, while 20 samples from each of the 3 treatment groups were kept for blind 
testing of the models. 
RESULTS AND DISCUSSION 
Profiling of mussel plasma on WCX ProteinChip arrays revealed 2287 
distinct peaks and corresponding m/z values when data were collected at the 
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highest sensitivity. In addition to real peptide and protein peaks, the unfiltered 
mass spectra contained electronic noise as well as chemical noise due to the 
ionization matrix used. Further analysis of data was restricted to those m/z val­
ues with a signal-to-noise ratio greater than or equal to 5, present within the 
mass range of 2500 to 180,000 Da. Analysis of 70 samples (35 males and 
35 females) from each treatment yielded 149 peaks with m/z values between 
2716 and 159,764 Da that met the mentioned criteria. Among the 149 quali­
fying peaks, 90 had m/z values between 2500 and 10,000 Da, 30 were 
between 10,000 and 20,000 Da, and 31 peaks had m/z values greater than 
20,000 Da. The dominance of low-molecular-weight protein forms is in accor­
dance with what has been report:ed for medical studies utilizing the same pro­
teomic technology (Petricoin et al., 2002; Li et al., 2002; Rogers et al., 2003; 
Conrads et al., 2004). Information regarding the difference between exposed 
mussels and controls, however, was present throughout the entire m/z region 
studied. 
General Response 
In general, results indicated that exposure to spiked oil had a greater effect 
on protein expression in mussels than oil alone. While 83 of the detected pro­
teins were significantly altered by spiked oil, 49 were altered by oil. The ratio of 
abundance of proteins common to groups elucidated proteins whose expression 
was significantly altered. Both exposure regimes had a predominantly upregulat­
ing effect on protein expression in mussel plasma; 69% of all mass peaks 
detected in mussels exposed to oil and 71% in the spiked oil group were upreg­
ulated compared to controls. When only significantly altered peaks were consid­
ered, 68% were upregulated in both exposure groups. Females exposed to oil 
had 20 significantly upregulated and 5 downreguiated peab; oil-exposed males 
had 16 upregulated and 12 downregulated peaks. In the spiked oil group, 
females had 29 upregulated and 16 downregulated, while 33 peaks were upreg­
ulated and 13 downregulated in males. Average changes in protein expression 
(as the ratio exposed/control) were less than twofold for mussels exposed to both 
oil (1.6-fold) and spiked oil (1.9-fold) when all detected peaks were compared. 
Examination of differences between exposed organisms and controls 
revealed a complex response, pattern. Each treatment group was divided into 
females and males for comparisons of responses, and only one peak (m/z 
46,134 Da) was significantly altered in all four groups (oil females, oil males, 
spiked oil females, and spiked oil males). Eight peaks were affected (six upreg­
ulated and two downregulated) in three of the exposure groups—however, 
not all of them in the same three groups. While'certain protein features were 
affected by only one exposure condition, others responded to both exposures, 
where the response pattern could be either similar or opposite with regard to 
induction or suppression. Some protein forms were affected in only one gender, 
and some revea ed opposite responses in males and females. Treatment- and 
gender-specific responses are described in the following sections. Examples of 
the different responses are given in Table 3. 
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TABLE 3. Examples of Complex Response Pattems in Mussels Exposed to Oil and Spiked Oil (OAP) 
m/z(Da) O i l - 9 Oil—5 OAP—9 OAP—(J Significant response in 
46,134 t t T T All groups 
44,988 t ns t T 3 Groups 
78,669 ns I I i 
10,834 i J. i ns 
3842 t ns ns ns •Only oil exposed -
4359 ns i ns ns (females, males or both) 
6302 i t ns ns 
23,390 ns ns ns T Only OAP exposed 
27,119 ns ns i ns (females, males or both) 
135,202 ns ns I i 
4047 ns r ns T Males orily 
5653 ns i ns I 
10,132 ns i ns T 
5481 t ns t ns Females only 
7048 i ns I ns 
3952 i T ns ns Females and males; 
23,690 ns ns i t opposite response 
Note. T = upregulation, i = downregulation, 9 = females, d = males, ns = not significant response. 
Treatment-Specific Response 
Pollutants with different chemical features are likely to affect distinct physio­
logical or biochemical processes through binding to endogenous structures. 
Depending on which molecules or mechanisms are affected, the impact will, 
theoretically,, give rise to patterns of changes that are specific to the various 
pollutants. Zachariassen et al. (1991) reported that a range of physiological 
parameters responded differently in mussels according to which pollutant the 
mussels were exposed to and suggested that the combinational use of these 
physiological parameters might sen/e as a pollutant-specific fingerprint in envi­
ronmental monitoring. Results from the present study support this hypothesis, as 
mussels exposed to oil alone revealed a plasma protein expression pattern totally 
different from mussels exposed to oil spiked with APs and extra PAHs. For exam­
ple, 17 mass peab were significantly altered only in samples from oil-exposed 
mussels, while 51 peaks showed specific response to spiked oil. Although com­
mon responses were also obsen/ed in the 2 treatment groups, the degree of 
response was markedly higher in the spiked oil group for 25 out of 32 peaks that 
were significantly altered by both treatments. Pollutant-specific changes in pro­
tein expression have also been obsen/ed in mussel gills (Shepard & Bradley, 
2000), in mussel digestive gland (Rodriguez-Ortega et al., 2003; Knigge et al., 
2004), in fish liver (Shrader et al., 2003), and in fish gills (Hogstrand et a., 2002). 
Since the pollutants used, in this study were complex mixtures, it is not easy to 
determine which components contributed most to the observed effects. How­
ever, if robust protein patterns are identified for specific chemicals and mixtures, 
these patterns may be used to identify a pollutant in cases where its identity is not 
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known. To test this hypothesis, our data (the 149 mass peaks and corresponding 
m/z values) were exported to Biomarker Pattern software for identification of 
potential multivariate patterns classif/ing exposed from control mussels. Two 
comparisons were made, control versus oil and control versus spiked oil. All mass 
spectra were divided into training sets (to create prediction models) and test sets 
(for subsequent blind testing of the models). For comparison of control versus oil, 
nine distinct models were generated. The best performing model (Table 4), utiliz­
ing a combination of 11 mass peaks, classified randomized blind samples with 
90% sensitivity (correct classification of exposed) and 90% specificity (correct 
classification of controls). The best prediction model for comparison of control 
versus spiked oil needed 10 peaks to predict controls with 95% accuracy, and 
individuals from the spiked oil treatment with 90% accuracy. Tests were also per­
formed to investigate whether it was possible to generate good prediction models 
that could distinguish controls from exposed individuals, as well as discriminate 
individuals from the two exposure groups. Fifteen distinct models were generated, 
of which only one was able to classify all 3 groups with >80% accuracy (i.e., 
control = 90%, oil = 80%, and spiked oil = 85%). 
TABLE 4. Prediction Models for Comparison of Controls Versus Exposed 
Prediction success (%), Prediction success {%), 
model: n = 100 test of model: n = 40 
Classifiers, m/z 
Groups compared Control Exposed Control Exposed (Da) 





















Note. Importance of classifiers is decreasing from top to bottom (i.e., m/z 6302 Da and m/z 69,213 Da 
being tfie most important peaks for the classification of mussels exposed to oil or OAP, respectively). OAP = 
spiked oil, T = upregulated, i = downregulated. 
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Although the prediction success for the masked test samples in the present 
study was satisfactory, it is not certain that another set of samples from mussels 
exposed to oil and spiked oil collected at, for example, a different time of the 
year would perform equally well if tested on the same prediction model. It is 
important to bear in mind the dynamic nature of the proteome. For example, 
different biomarker profiles are found at the onset of a disease versus the late 
stage where symptoms and indirect effects are prominent (Van der Greef 
etal., 2004). Similarly, factors like seasonal changes, reproductive cycles, 
nutrient availability, age, and so on are likely to affect protein expression in an 
organism. Thus, an ideal protein biomarker profile for environmental pollutant 
monitoring should consist of a subset of proteins that are robust against exter­
nal factors other than the one under investigation, 
Gender-Specific Response 
Protein expression was altered differently in males and females following 
exposure. For example, m/z 3952 Da, 6302 Da, 7017 Da, 23,690 Da, and 
69,213 Da were downregulated in females and upreguiated In males, while 
m/z 4155 Da was upregulated in females and downregulated in males. 
Another 40 peaks were significantly altered only in males, 9 of which 
showed similar response to both treatments, 9 that responded only to oil 
exposure, and 22 that responded only to the spiked oil treatment. Similarly, 
36 peaks were affected only in females, 8 by both exposures, 8 by oil, and 
20.by spiked oil. Common response in males and females were observed for 
20 peaks. 
An attempt was made to create a prediction model for classification of 
mussels from six different treatment groups (i.e., mussels from the three treat­
ment groups divided into males and femaes). The best model included 31 m/z 
values as classifiers and managed to predict blind samples of control males and 
females, oil-exposed males, and females exposed to spiked oil with 80% accu­
racy. While 70% of the oil-exposed females were classified correctly, 30% 
were misciassified as control males. Only 60% of males exposed to spiked oil 
were correctly classified. The remaining 40% were misclassified as control 
females. 
Without knowledge of the protein identity and function, it is difficult to 
interpret the functional relevance of these findings. Forexample, are gender-
specific responses an indication of endocrine disruption? Oil-production-
related efiluents, PAHs and particularly APs, have been associated with endocrine 
disruption, and the estrogenic activity of APs in fish has been well established 
both in vitro and in vivo (White etal,, 1994; Nimrod & Benson,-1996; Arukwe 
etal., 2000, 2001). Modulated steroid metabolism in echinoderms (Den Besten 
et al., 1993), as well as effects on moulting and reproduction in male grass 
shrimps, and offspring of exposed mothers (Oberdorster et al., 2000), has 
been observed fol owing exposure to PAHs. Krause et al. (1994) found that the 
reproduction of caged sea urchins was impaired up to 100 m from a produced 
water outfall. Similarly, the reproductive performances and growth rate of 

88 A.BJ0RNSTADETAL 
caged mussels were disrupted between 100 and 1000 m from an active pro­
duced water discharge (Osenberg et al., 1992). Negative effects of gonadal 
development in mussels from the present exposure study, as well as an induc­
tion of vitellogeninlike proteins in both males and females, were reported by 
Aarab et al. (2004). However, even though both oil and compounds in the 
spiked oil mixtures clearly have the potential to interfere' with endocrine 
functions, the explanation for gender-specific responses may be other than 
endocrine disruption. Alternatively, males and females may have different sus­
ceptibility to one or several of the different toxicities potentially induced by oil; 
or oil in combination with APs and PAHs; this remains to be investigated. 
Finding the function and full identity of the discriminating protein and 
peptide features was beyond the scope of this study. Nevertheless, it is impor­
tant to link key molecules and their functions to provide essential mechanistic 
information of the underlying toxicity, as well as to provide a basis for antibody 
production of a set of biomarkers as robust alternatives or complements to sin­
gle endpoint biomarkers. Despite the precision of the mass information 
yielded by the SELDI technique, the analysis does not directly provide a 
sequence-based identification. Furthermore, information regarding how post-
translation modifications might have altered the protein size is not provided. 
Additional effort is therefore necessary to reveal the true identity of the pro-
tein(s) of interest. Several biomedical studies have identified key proteins 
discovered utilizing ProteinChip array technology in combination with SELDI 
TOF MS (Thulasiraman et al., 2001; Zhang et ai., 2002;. Diamond et al., 2003; 
Sanchez et al., 2004). A detailed description of methodology for protein purifi­
cation and characterization that is applicable to ProteinChip arrays is 
described in Caputo et al. (2003). 
Gender-Specific Protein Patterns 
Grouping all 210 samples by gender, independent of exposure, identi­
fied 64 distinct mass peaks differing between the 2 genders with a p value 
less than .05. The number of female-specific and male-specific peaks was 
identical (i.e., 32). These peaks were predominant in one of the genders in 
all treatment groups. Examples of gender-specific peaks are shown in Figure 1. 
For example, m/z 5866 Da revealed a 25-fold higher expression in males 
when samples were compared as either males or females independent of 
exposure. Another peak, m/z 5970 Da, was primarily expressed in females; 
however, it was also induced in males exposed to spiked oil. Classification 
tree analysis showed that no single protein or peptide peak was able to Com­
pletely separate the two genders; however, using a combination of only 2 peaks 
at m/z 5866 Da and 7853 Da, respectively, 92% of the females and 85% of 
the males were correctly classified from the blind randomized set of test 
samples. As the differences between males and females seem to be robust 
against exposures, and protein expression (as opposed to gene expression) 
can be determined in body fluids, these gender-specific protein profiles may 
be useful in noninvasive gender determination in, for instance, aquaculture. 
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FIGURE 1. Gender-specific protein forms. Partial protein expression profile showing exm 
peaks primarily expressed in either females or males, visualized as "gel view" (top) and " 
(bottom). (A): m/z 5866 Da, 25-foId upregulated in males when males and females are ce­
dent of exposure. (B): m/z 5970 Da, expressed in females (3.5-fold upregulated in a^  
exposed to spiked oil. 
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Reproducibility 
A great challenge with any new methods is to ensure that it is reproducible 
and, hence, reliable. To monitor the reproducibility between ProteinChip 
arrays in the present study, two control samples were divided into three repli­
cates that were incubated and analyzed on three different arrays (Figure 2). 
The coefficient of variance (CV) calculated for 149 m/z values (between 2.5 
and 180 kD) in the 2 samples varied between 0.6 and 7.9% in sample 1 and 
between 0.7 and 13.3% in sample 2. CV calculations were performed before 
mass and intensity normalization of spectra. While the "between-array" repro­
ducibility was satisfactory, the individual variability for plasma samples within 
one treatment group was high (Figure 2, comparison of "gel views" from con­
trol sample 1 and 2). 
Chemistry 
The average oil concentration in water based on 15 multisizer measure­
ments was 0.56 ± 0.19 ppm in the tanks receiving only oil, and 0.61 ± 0.26 
ppm in the tanks with spiked oil. Semiquantitative fluorescence analysis of 
THC concentrations in the water showed that water from the oil treatment had 
an average (n = 5) THC of 0.25 ± 0.04 ppm, while the average concentration 
in water from the spiked oil treatment was 0.36 ± 0.07 ppm. Total PAH by 
GC/MS-SIM was only measured for the oil treatment, and average (n = 2) PAH 
concentration, converted to THC, was 0.38 ± 0.07 ppm. 
No method for measuring concentrations of APs in water or biotawas 
available. Sundt and Baussant (2003) cited the following log K^^ (partitioning 
coefficient) for some of the substances: 4-tert-butylphenol (3.04-3.31), 4n-
pentylphenol (unknown), 4n-hexylphenol (3.60), 4n-heptylphenol (4.00), 
while Shiu et al. (1994) reported log for p-cresol to be 1.62-2.06. The APs 
will thus have a water solubility ranging from somewhat more than naphtha­
lene to somewhat less than Cl-naphthalene, and a liability for uptake in the 
mussels ranging from somewhat less than naphthalene to somewhat more than 
Cl-naphthalene; see Table 1 for comparisons. A careful indication of water-
borne exposure would therefore be that approximately 80% to possibly 95% 
of the APs were available for uptake from the spike based on how the quanti­
ties of naphthalene and Cl-naphthalene in the water were measured 
(Skadsheim, personal observations). It is therefore suggested that for sum alky­
lphenols, 0.16-0.19 mg total alkylphenols/L seawater constituted the spike 
exposure. 
Use of (Prote)"Omic" Data in Risk Assessment 
An effective environmental management strategy is dependent on accu­
rate risk assessment to minimize potential harmful consequences of man-
made and natural environmental impacts on ecosystem and human health. 
There is general agreement that current procedures, including determination 
of physical and chemical variables or measurements of whole-organism 
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FIGURE 2. Example of array-to-array reproducibility.Two plasma samples from control mussels (sample 1 
and 2) were applied on tiiree different ProteinChip arrays to check the reproducibility between an-ays. The 
figure shows partial mass spectra and gel views obtained from SELDI TOF MS analysis of the samples. The 
coefficient of variance (CV) for m/z values between 2.S and 180 kD (n = 149) was 0.6-7.9% for sample 1 
and 0.7-13.3% for sample 2. CV was calculated before normalization of spectra. 
responses (e.g., mortality, growth, reproduction) of generally sensitive indica­
tor species, have limited ability to predict the likely adverse effects of anthro­
pogenic pollutants or activities on complex ecosystems and their components 
(Peakall, 1992; Galloway etal., 2004a, 2004b; Moore etal., 2004; Snape etal., 
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2004). Although such approaches are useful for identifying chemicals of poten­
tial concern, selected endpoints should also include those capable of evaluat­
ing the sublethal toxicity, chemical mode(s) of action, critical "exposure 
windows," threshold levels of various types of toxicity (e.g., immunotoxicity, 
genotoxicity, endocrine disruption), variation in response and susceptibility, 
and effect of various factors like genetics, gender, age, diet, reproductive 
cycles, and so on (Schlenk, 1999; Gibb etal., 2002; MacGregor, 2003; Moore 
etal., 2004). 
Currently, there is no method available that covers all the factors identified 
in the previous section. A multidisciplinary approach is therefore necessary to 
Drovide a more holistic understanding of the fate and effects of chemicals, and 
•lence a more accurate prediction of potential risks. Including proteomics and 
other "omics" technologies in existing risk assessment approaches has many 
advantages. It would, for example, allow high-throughput screening of poten­
tial changes in thousands of cellular naolecules simultaneously, and hence pro­
vide a more rapid evaluation of a chemical's toxic potential. As changes in 
cellular molecu es are thought to precede toxic outcomes, the response pat­
terns could be used to predict adverse responses at an early stage, for a wide 
variety of species. Cunningham et al. (2003) suggested two possible 
approaches to incorporate "omic" data in (eco)toxlcology: (1) a target 
approach in which one assesses the expression levels of key biochemical path­
ways identified a priori, and (2) a "shotgun" approach in which gene (protein 
and metabolite) expression profiling, coupled with bioinformatics techniques, 
is used to identify those key pathways. 
Proteomic approaches are now actively used, for instance, in cancer risk 
and response assessment in human medicine, as the technology allows detec­
tion of cancers at their eariiest stages, even in the premalignant state, and ulti­
mately translates into a higher cure rate (Petricoin & Liotta, 2004b). 
Additionally, the information obtained by these global analyses is used to iden­
tify high-risk patients, cause or consequence of disease processes, and how 
each individual patient responds to therapy. 
In spite of the potential of "omic" data, regulatory bodies will need to gain 
confidence in the accuracy, reproducibility, sensitivity, and robustness of these 
new methods in order to fully integrate "omic" information into risk and safety 
assessment. 
CONCLUSIONS 
The hypothesis tested in this study wias that exposing mussels to oil alone, 
or oil spiked with APs and extra PAHs, would result in unique combinations of 
expressed protein species that could be indicative of either exposure or efi^ ect. 
The results revealed specific protein expression profiles that could be used to 
distinguish (1) controls from exposed organisms, (2) type of exposure, (3) degree 
of response, and (4) males from females independent of exposure. Addition­
ally, males and females responded differently to exposure, in the sense that 
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exposure affected different protein forms in the two genders. The latter 
indicates the necessity of knowing the gender of the test organisms, as well as 
having a balanced distribution of males and females in the different exposure 
groups. The potential mechanisms of actions behind the complex response 
patterns have not been investigated in this study; however, certain trends were 
observed (e.g., females exposed to oil showed similar protein expression 
patterns as control males, while males exposed to spiked oil revealed patterns 
similar to control females). Results from the present study clearly indicate that 
the proteorhe contains information about both specific stressors and their 
effects, and it is believed that an ecotoxicoproteomic approach has the poten­
tial to make a valuable contribution to environmental research, as well as envi­
ronmental risk assessment, that complements existing methodologies. 
However, for ecotoxicoproteomics to fulfi I its potential, national and interna­
tional collaboration will be essential in order to obtain necessary baseline 
information, genomic sequence information (particularly for nonmodel species), 
as well as a standardization of methods to ensure both interexperiment and 
interiaboratory reproducibility. 
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